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1 ABSTRACT 
 
Meiosis represents a special type of cell cycle, characteristic of all sexually reproducing 
organisms. A single round of DNA synthesis is followed by two successive nuclear 
divisions to produce four haploid germ cells from one diploid progenitor cell. Meiotic 
recombination and the pairing of homologous chromosomes assure correct segregation of 
chromosomes and enable novel assortments of genes and chromosomes to generate 
genetic diversity among offspring. 
In most eukaryotic organisms the tight pairing of homologous chromosomes during 
meiosis is physically established and maintained by the formation of a highly conserved 
tripartite proteinaceous scaffold – the synaptonemal complex (SC). Only a few organisms 
are known to lack this structure, one is the fission yeast Schizosaccharomyces pombe. It 
efficiently pairs homologous chromosomes during early meiotic prophase without the 
assembly of the canonical SC. During meiotic prophase, simpler filamentous structures, 
the so-called linear elements (LinEs), are formed instead. These LinEs were found to be 
indispensable for wild-type meiotic recombination, and until now, three proteins were 
reported to be essential for their formation. 
 
To discover new interaction partners of known LinE proteins in this study, yeast two-hybrid 
screens and mass spectrometric analysis were performed using known LinE components 
as bait. These approaches confirmed interactions of known LinE components and 
additionally identified the meiotically up-regulated protein Mug20 (SPBC36B7.06c) as a 
novel putative LinE associated protein. 
A strain carrying a Mug20-GFP fusion-protein was generated, and its localization in the 
meiotic nucleus was studied. Complete colocalization with Rec10, a major LinE protein, 
was observed. Mug20 was found during all stages of LinE development. 
To study the dependency of Mug20 localization on various meiotic key events, Mug20-
GFP was crossed into different mutant strains. Mug20 was absent in the rec10Δ strain, 
which is defective in LinE formation. In the rec8Δ cohesion mutant, Mug20 structures were 
reduced to few and short fragments, which are known also from Rec10 structures in this 
mutant background. In the rec12Δ mutant, which does not form DNA double strand 
breaks, LinE formation is wild-type and so was the localization of Mug20 to LinEs. 
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To investigate the role of Mug20, a knockout strain was generated and its phenotype was 
studied. In the absence of Mug20, spore viability was reduced by 20% and it was found 
that LinEs did not reach their full wild-type extension. 
Frequencies of intergenic and intragenic recombination were evaluated revealing a 
modulation of recombination in the mug20 deletion mutant. Concurrently, the number of 
cytological foci formed by recombination proteins was reduced compared to the wild type. 
 
Yeast two-hybrid assays were performed to study direct protein-protein interactions of 
LinE proteins. These confirmed the interactions of Rec10 with other LinE components. 
However, a direct interaction between Mug20 and Rec10 could not be confirmed as 
Mug20 interaction was only detected with Rec25, another major LinE component. 
 
In this study, Mug20 was shown to be a new member of the Rec10 complex, localizing to 
LinEs and being necessary for their complete formation. It might play a role in stabilizing 
the complex allowing LinEs to be fully extended. Wild-type levels of meiotic recombination 
depend on the formation of wild-type LinE structures. Thus, Mug20 assures wild-type 
recombination, which secures high levels of spore viability among the offspring. 
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2 ZUSAMMENFASSUNG 
 
Charakteristisch für alle sich sexuell fortpflanzenden Organismen ist eine spezielle Art der 
Zellteilung – die Meiose. Nach der DNA Replikation werden zwei aufeinanderfolgende 
Kernteilungen durchgeführt. So entstehen aus einer diploiden Vorgängerzelle vier 
haploide Keimzellen. Meiotische Rekombination und die Paarung der Homologen sichern 
die korrekte Aufteilung der Chromosomen und ermöglichen neue Kombinationen von 
Genen und Chromosomen innerhalb der Nachkommenschaft. 
Die enge Paarung der homologen Chromosomen während der Meiose erfolgt in den 
meisten Fällen durch die Ausbildung einer hoch konservierten, dreiteiligen Proteinstruktur, 
dem Synaptonemalen Complex (SC). Es sind nur wenige Organismen bekannt, die diese 
Struktur nicht ausbilden, einer davon ist die Spalthefe Schizosaccharomyces pombe. Hier 
werden die homologen Chromosomen ohne Ausbildung des SC während der Meiose 
erfolgreich gepaart. Statt des SCs werden während der meiotischen Prophase einfachere 
filamentöse Strukturen ausgebildet, die sogenannten Linearen Elemente (LinE). Diese 
LinEs sind notwendig, um meiotische Rekombination wie im Wildtyp zu ermöglichen, und 
bisher wurden drei Proteine beschrieben, welche unentbehrlich für die Ausbildung der 
LinEs sind. 
 
In dieser Studie wurden yeast two-hybrid screens und massenspektrometrische Analysen 
durchgeführt, um bisher unbekannte Interaktionspartner von LinE Proteinen zu finden. 
Durch diese Experimente wurden Interaktionen von bekannten LinE Komponenten 
bestätigt und weiters wurde Mug20, ein meiotisch hochreguliertes Protein, als neue 
mögliche LinE assoziierte Komponente identifiziert. 
Es wurde ein Stamm generiert, welcher ein Mug20-GFP Fusionsprotein trägt und an Hand 
dessen wurde die Lokalisierung des Proteins im meiotischen Kern untersucht. Die 
komplette Übereinstimmung der zytologischen Signale für Rec10, einem Hauptprotein der 
LinEs, und für das Fusionsprotein wurden beobachtet. Mug20 war während der gesamten 
LinE Entwicklung auf diesen lokalisiert. 
Weiters wurde das Mug20-GFP Fusionsprotein in verschiedene meiotische Mutanten 
eingebracht, um die Abhängigkeit der Lokalisation von Mug20 von verschiedenen 
meiotischen Ereignissen zu untersuchen. Es wurden keine Mug20 Strukturen im rec10Δ 
Stamm, welcher keine LinEs ausbildet, gefunden. Im kohäsionsmutanten Stamm rec8Δ, 
waren die Mug20 Strukturen verringert und verkürzt (so wie auch die Rec10 Strukturen). 
Zusammenfassung 
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Im rec12Δ Stamm, in welchem keine DNA Doppelstrangbrüche gebildet werden, werden 
normale LinEs gebildet. Mug20 kolokalisierte normal mit diesen LinEs.  
 
Ein mug20 Deletionsstamm wurde generiert und sein Phänotyp studiert, um die Rolle von 
Mug20 zu untersuchen. In Abwesenheit von Mug20 sinkt die Lebensfähigkeit der Sporen 
um 20% und es wurde beobachtet, daß die Ausbildung der LinEs in dieser Mutante 
gestört ist und diese nicht die Ausmaße wie im Wildtyp erreichen. 
Intergenische und intragenische Rekombination wurden untersucht und es wurde gezeigt, 
daß es zu einer Modulierung der meiotischen Rekombination kommt. Gleichzeitig wurde 
im mug20Δ Stamm zytologisch eine Verringerung der Zahl von Signalen von 
Rekombinationsproteinen beobachtet. 
 
Um direkte Protein-Protein Interaktionen zwischen LinE Komponenten zu untersuchen, 
wurden yeast two-hybrid assays durchgeführt. Es wurden Interaktionen von Rec10 mit 
anderen LinE Proteinen bestätigt, aber eine direkte Interaktion zwischen Rec10 und 
Mug20 konnte nicht nachgewiesen werden, da Letzteres nur mit Rec25, einem weiteren 
LinE Protein, interagierte. 
 
Mug20 wurde als neue Komponente des Rec10 Protein Komplexes identifiziert. Es 
lokalisiert mit LinEs und ist notwendig für die normale Ausbildung dieser Strukturen. 
Mug20 mag eine stabilisierende Rolle in dem Komplex übernehmen und somit die 
komplette Ausbildung der LinEs erlauben. Normale Levels meiotischer Rekombination 
sind abhängig von der kompletten Ausbildung der LinEs. Somit gewährleistet Mug20 
normale Rekombination welche die hohe Lebensfähigkeit der Nachkommenschaft sichert. 
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3 INTRODUCTION 
 
3.1 Meiosis 
 
The life cycle of sexually reproducing organisms is characterized by the alternation of 
diploid and haploid generations of cells. 
When proliferating vegetatively, haploid and diploid cells undergo mitotic divisions, where 
one round of DNA replication is followed by a single round of chromosome segregation. 
Sister chromatids of each replicated chromosome are pulled to opposite poles of the cell: 
mitosis therefore results in the formation of genetically identical daughter cells. 
Upon fertilization, when haploid gametes fuse, the genome of the resulting zygote is 
doubled. To avoid continuous genome doubling events at each round of sexual 
propagation, the double set of parental chromosomes has to be halved again in gametes 
before the next fertilization. To accomplish this essential reduction, cells undergo meiosis, 
a special kind of cell division where a single round of DNA replication is followed by two 
successive rounds of chromosome segregation. By this process, haploid gametes are 
formed. 
Random distributions of parental chromosomes and the reciprocal exchanges of 
corresponding pieces between homologous chromosomes during meiosis allow unique 
assortments of alleles and give rise to progeny that are different from each other and from 
the parental cell. These inter-chromosomal and intra-chromosomal recombinations build 
the basis for genetic diversity amongst organisms. 
 
 
3.1.1 The meiotic cell division 
Meiotic chromatin organization and meiotic chromosome dynamics differ remarkably from 
mitotic divisions (reviewed in Kleckner, 1996; Roeder, 1997) 
The first meiotic division is a reductional division during which the chromosomal 
complement of a diploid cell is reduced by half. Cells entering the meiotic program first 
proceed through a prolonged S-phase, during which cohesion between replicated sister-
chromatids is established. The following lengthy prophase I can be subdivided into several 
stages in which changes according to chromosome condensation and chromosome 
behavior can be observed. 
Introduction 
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During leptotene, chromosome condensation takes place, but homologs are not yet 
paired. Homologous chromosomes recognize each other and pair in zygotene. The 
pairing and establishment of close spatial alignment along the entire length of the 
homologs in pachytene is mediated by a specialized proteinaceous scaffold, the 
Synaptonemal Complex (Moses, 1956a, b; von Wettstein et al., 1984 reviewed in Loidl, 
1990, 1994; Loidl et al., 1994; Page and Hawley, 2004; Walker and Hawley, 2000; Zickler 
and Kleckner, 1998). In the context of tight pairing, genetic exchange between 
homologous chromosomes occurs with high frequency. This reciprocal recombination 
represents a key aspect of meiosis I as it contributes to both, the generation of genetic 
diversity and the successful haploidization by establishing a physical link between 
homologs. Physically held together homologous chromosomes are a prerequisite for bi-
orientation of homologous centromeres, which leads to the faithful segregation of the 
parental chromosomes onto daughter cells. Recombination is initiated by controlled DNA 
double-strand break (DSB) formation and results in the formation of crossovers (Szostak 
et al., 1983 reviewed in Gerton and Hawley, 2005; Whitby, 2005). Cytologically visible as 
chaismata, the crossovers lead to the exchange of genetic material and ensure proper 
segregation of chromosomes (Creighton and McClintock, 1931). 
During diplotene, chromosome condensation moves on, synapsis is lost, and bivalents get 
shortened. As a consequence of disassembling SCs, homologous chromosomes start 
moving apart, being held together only at the chiasmata during diakinesis. 
In metaphase I, homologs are connected to the meiosis I spindle apparatus and are 
properly aligned at the metaphase plate. With their sister kinetochores connected and 
mono-oriented, homologous chromosomes are separated and pulled to opposite poles of 
the cell during anaphase I. Each daughter cell at meiosis I receives only one homolog 
from each pair of parental chromosomes. This disjunction results in the reduction of the 
chromosome complement (reviewed in Kleckner, 1996; Loidl, 1990; Marston and Amon, 
2004; Roeder, 1997; Zickler and Kleckner, 1998). 
 
The first meiotic division is then followed by an equational, mitosis-like division 
(Meiosis II), during which sister chromatids are segregated. Each pair of sisters is 
attached to the meiosis II spindle with the kinetochores bi-orientated. The chromatids are 
then separated from each other and pulled to opposite poles of the cell. Meiosis 
eventually results in the formation of four haploid, genetically different nuclei. 
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Figure 3.1: Illustration of the meiotic pathway. (a) Prior to meiosis, DNA is replicated in the pre-meiotic S-
phase. In prophase I, homologous recognition, recombination and the establishment of synapsis take place. 
(b) As chromosome condensation moves on, synapsis is disassembled and homologous chromosomes move 
apart, held together only by chiasmata. (c) During metaphase I, homologous chromosomes are aligned on the 
metaphase plate. Sister kinetochores are mono-oriented and get attached to the metaphase I spindle. (d) At 
anaphase I, centromeric cohesion keeps sister kinetochores connected and homologous chromosomes are 
pulled to opposite poles of the cell. (e) In telophase I, the haploidization of the genome is completed. Meiosis II 
(f-i) is an equational division, analogous to a mitotic division. (f) Chromosome condensation takes place again 
and (g) individual chromosomes are aligned at the metaphase plate in metaphase II with their sister 
kinetochores bi-oriented. (h) During anaphase II, sister chromatids are pulled to opposite poles of the cell. (i-j) 
The meiotic division produces four haploid, genetically different gametes. 
(Illustration modified from http://chsweb.lr.k12.nj.us/psidelsky/meiosis_review.htm) 
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3.2 The synaptonemal complex 
 
As a prerequisite for faithful disjunction at the first meiotic division, homologous 
chromosomes have to be associated beforehand. This pairing process during meiosis I 
culminates in close juxtapositioning of homologs along their entire length, mediated by a 
ladder-like, tripartite proteinaceous structure – the synaptonemal complex (SC) (Moses, 
1956a, b; von Wettstein et al., 1984 for reviews see Loidl, 1990, 1994; Loidl et al., 1994; 
Page and Hawley, 2004; Walker and Hawley, 2000; Zickler and Kleckner, 1998).  
Although poorly conserved at the molecular level, the SC is highly conserved at its 
structural level (Anderson et al., 2005; Ollinger et al., 2005). 
 
During meiotic prophase, in leptotene, sister chromatids of a single chromosome develop 
a common proteinaceous core - the axial elements. In budding yeast Saccharomyces 
cerevisiae this chromosome axis contains meiotic cohesin and proteins Red1 and Hop1 
(Hollingsworth et al., 1990; Klein et al., 1999; Smith and Roeder, 1997). The chromosomal 
DNA is organized in loops protruding laterally from the chromosome axis. The axial 
elements of the SC play an important role in chromosome condensation, pairing and 
prohibiting recombination between sister chromatids instead of homologous 
chromosomes (reviewed in Page and Hawley, 2004). The axial elements, 50 nm thick 
fibers, which are called lateral elements upon synapsis, are connected by transversal 
filaments which lie perpendicular to the long axis of the SC. The transversal filaments 
constitute the SC’s central region, keeping the homologs closely juxtaposed (von 
Wettstein et al., 1984). In S. cerevisiae, Zip2 and Zip3 are proteins known to be involved 
in the initiation of central element polymerization (Agarwal and Roeder, 2000; Chua and 
Roeder, 1998). Complete synapsis is then reached at pachytene. ZIP1 has been shown to 
encode a component of the transversal filaments forming homo-dimeric molecules to act 
as a molecular zipper, thus bringing homologous chromosomes in close juxtaposition 
(Dong and Roeder, 2000; Sym et al., 1993; Sym and Roeder, 1995). The Zip1 homo-
dimers lie head to head between the two lateral elements giving rise to a uniform distance 
of 100 nm between the chromosomes (Dong and Roeder, 2000). 
 
Soon after pachytene, the SC disassembles and homologous chromosomes de-synapse 
but they stay connected through chiasmata, which are chromatin bridges between 
homologs that correspond in position to the sites of genetic crossovers. Chiasmata are 
  Introduction 
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stabilized by cohesin which remains associated with the axis of single chromosomes until 
the first meiotic division (Klein et al., 1999; Watanabe and Nurse, 1999). 
 
In budding yeast and mice, the formation of DSBs is essential for the assembly of the SC 
(Baudat et al., 2000; Cao et al., 1990; Henderson and Keeney, 2004; Romanienko and 
Camerini-Otero, 2000). In budding yeast the SC often seems to start forming from the 
DSB sites (Agarwal and Roeder, 2000; Borner et al., 2004; Henderson and Keeney, 
2004). The SC also plays a crucial role in DSB repair since mutants defective in 
chromosome axis and/or SC assembly such as rec8Δ, red1Δ, hop1Δ, zip1Δ, zip2Δ and 
zip3Δ fail to process DSBs (Davis and Smith, 2001; Klein et al., 1999; Rockmill and 
Roeder, 1990; Woltering et al., 2000). 
However, homologous chromosomes can also be brought together by DSB independent 
mechanisms (reviewed in Burgess, 2002; Page and Scott, 2003). In the nematode 
Caenorhabditis elegans the stable alignment of homologous chromosomes and SC 
formation do not depend on the initiation of meiotic recombination (Dernburg et al., 1998). 
So-called pairing centers (PCs), cis-acting sites located at one end of each chromosome, 
mediate synapsis independent stabilization of meiotic pairing and are the initiation sites for 
SC formation (MacQueen et al., 2002; MacQueen et al., 2005). 
Likewise, the SC forms in the absence of recombination events in Drosophila 
melanogaster oocytes, and it is synapsis that is required to initiate recombination, not vice 
versa (McKim et al., 1998). 
 
Although the majority of organisms analyzed to date show the formation of SCs during 
meiosis (reviewed in Page and Hawley, 2004), outstanding exceptions are known. 
Organisms like the fungi Aspergillus nidulans and Ustilago maydis, the ciliate 
Tetrahymena thermophila, male fruit fly D. melanogaster and fission yeast 
Schizosaccharomyces pombe efficiently pair homologous chromosomes without the 
assembly of the canonical SC (Egel-Mitani et al., 1982; Fletcher, 1981; Loidl and 
Scherthan, 2004; Olson and Zimmermann, 1978; Wolfe et al., 1976). 
In the fruit fly D. melanogaster, male meiosis even occurs in the absence of recombination 
and without a recognizable SC. A model by Vazquez et al. (2002) suggests that 
interactions along euchromatic regions are required for the initiation of meiotic pairing 
during early spermatocyte development and that heterochromatic associations may be 
responsible for the maintenance of association between homologous chromosomes. 
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3.3 Meiosis in fission yeast Schizosaccharomyces pombe 
 
The fission yeast S. pombe displays several notable features during its progression 
through the meiotic program. Special chromosomal arrangements, unique nuclear 
movement and the absence of synapsis make this unicellular organism an outstanding 
model to study the key questions of sexual reproduction. 
 
 
3.3.1 The chromosomal bouquet 
The precise two-by-two pairing of chromosomes is a key process for the successful 
accomplishment of meiosis. A ubiquitous and well conserved device for finding and 
pairing homologs amongst eukaryotes is the chromosomal bouquet. This chromosomal 
arrangement was first described at the turn of the 19th century and characterizes the 
clustering of chromosome ends, the telomeres, during meiotic prophase at a limited sector 
of the inner nuclear envelope – like the stems of flowers arranged in a bouquet (reviewed 
in (Scherthan, 2001; Zickler and Kleckner, 1998). 
The meiotic chromosomal bouquet can be found in a wide range of organisms, in 
mammals, plants and fungi (reviewed in Scherthan, 2001). Exceptions are the nematode 
C. elegans and the fruit fly D. melanogaster, that both use non-canonical approaches in 
searching for homology during meiosis (reviewed in McKee, 2004; McKim, 2005). 
However, Phillips et al. (2005) demonstrated that C. elegans’ pairing centers, which are 
located towards one end of each holocentric chromosome, associate with the nuclear 
envelope during meiotic prophase I, as do telomeres during bouquet formation. 
Overlapping with the signals of the pairing centers are aggregates formed by the SUN-
domain protein Matefin/SUN1 (Penkner et al., 2009). SUN-domain proteins interact 
directly with KASH-domain proteins to form protein complexes which establish a bridge 
between the cytoskeleton and the nucleoplasm. In addition, KASH-domain proteins are 
required for attaching centrosomes to the nuclear periphery (reviewed in Fridkin et al., 
2009). The C. elegans proteins Matefin/SUN-1 and ZYG-12 are SUN- and KASH-domain 
proteins, respectively. Forces are transmitted by this SUN/KASH-bridge from the 
cytoplasm to the nucleoplasm to drive chromosome movements by which homologs find 
each other and pair (Baudrimont et al., 2010; Fridkin et al., 2009; Penkner et al., 2007).  
 
In mouse, human (Scherthan et al., 1996) and maize (Bass et al., 1997) the bouquet 
structure forms de novo after the cell enters meiotic prophase and it is a transient 
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arrangement limited to a short period of the meiotic prophase. Homologous chromosomes 
in human and mouse meiotic stem cells and pre-leptotene nuclei are variably arranged 
and predominantly separated, but a rapid and drastic rearrangement leads to their pairing 
at zygotene/pachytene (Scherthan et al., 1996). Tight telomeric clustering at the nuclear 
envelope takes place in late leptotene/early zygotene nuclei and synapsis is initiated at 
this point. However, groups of telomeres are separated again from the main cluster 
already in early pachytene nuclei (Scherthan et al., 1996). 
Like in plants (Carlton et al., 2003) S. cerevisiae’s telomeres form mini-clusters before 
congregating into the large cluster of the bouquet formation. The meiotic telomere cluster 
is repeatedly split and reformed in a limited area of the nuclear periphery, indicating 
telomeric motility during this stage (Trelles-Sticken et al., 2005).  
Throughout mitosis as well as during somatic interphase prior to meiosis, S. cerevisiae 
chromosomes are arranged with the centromeres clustered next to the spindle pole body 
(SPB) (Jin et al., 1998; Scherthan et al., 1996). Although rapidly dissolving in meiotic 
prophase and preceding the formation of the SC (Jin et al., 1998), the chromosomal 
bouquet is only a very transient configuration during S. cerevisiae prophase I, as the 
telomeric clustering occurs at the leptotene/zygotene transition and is lost again during 
pachytene (Trelles-Sticken et al., 1999). 
In Arabidopsis thaliana the classical bouquet during leptotene/zytotene is absent 
(Armstrong et al., 2001). However, when chromosomes synapse, A. thaliana telomeres 
are loosely clustered within one hemisphere during zygotene and are persistently 
associated with the nucleolus, and their pairing precedes the onset of general 
chromosome synapsis (Armstrong et al., 2001).  
 
In contrast to the situation in most other organisms where the chromosomal bouquet 
arrangement is dissolved during zygotene or early pachytene (reviewed in (Zickler and 
Kleckner, 1998), telomeric clustering is maintained throughout the entire meiotic 
prophase I in S. pombe (Chikashige et al., 1994; Scherthan et al., 1994). 
The formation of the bouquet structure during S. pombe zygotic meiosis is initiated in 
response to mating pheromones and telomeres are clustering at the SPB prior to 
conjugation (Davey, 1998). This clustering is followed by conjugation- dependent 
detachment of the centromeres from the SPB (Chikashige et al., 1997). 
 
The S. pombe SUN-domain protein Sad1 and its KASH-domain partner Kms1 are 
components of the SPB, which is embedded in the nuclear envelope (Hagan and 
Yanagida, 1995; Miki et al., 2004; Niwa et al., 2000; Shimanuki et al., 1997). Kms1 is 
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located at the outer nuclear membrane where it interacts with cytoplasmic dynein which is 
responsible for the special nuclear movement during S. pombe meiosis (Ding et al., 1998; 
Miki et al., 2002; Yamamoto et al., 1999). Kms1 is required to maintain the structural 
integrity of the SPB and to form normal horsetail-nuclei. In the kms1 deletion, the SPB is 
disintegrated, but the SPB-fragments still retain the function of providing a binding site for 
telomeres (Niwa et al., 2000; Shimanuki et al., 1997). 
Proteins essential for the binding and clustering of telomeres during meiosis in S. pombe 
are telomere components Rap1, Rif1 and Taz1 (Chikashige and Hiraoka, 2001; Cooper et 
al., 1997; Cooper et al., 1998; Kanoh and Ishikawa, 2001; Nimmo et al., 1998). Rap1 and 
Rif1 bind to telomeres in a Taz1 dependent manner (Chikashige and Hiraoka, 2001; 
Kanoh and Ishikawa, 2001). However, only Taz1 and Rif1 are essential for the connection 
of telomeres to the SPB (Chikashige and Hiraoka, 2001; Cooper et al., 1998; Kanoh and 
Ishikawa, 2001; Nimmo et al., 1998). Taz1 and Rap1 are also required for capping and 
protecting telomeres to prevent chromosome-end-fusion (Ferreira and Cooper, 2001; 
Miller et al., 2005). The meiosis specific proteins Bqt1 and Bqt2 are also required for 
bouquet formation and are found in the protein complex that establishes the connection of 
telomeres to the SPB (Chikashige et al., 2006; Tang et al., 2006; Tomita and Cooper, 
2006). The bridge between telomeres and the SPB is established as follows: Bqt1 directly 
binds to Bqt2 and SPB component Sad1, Bqt2 binds to the complex through interaction 
with Bqt1, and the binding of Rap1 takes place in the presence of both Bqt-proteins 
(Chikashige et al., 2006; Tang et al., 2006; Tomita and Cooper, 2006). 
The telomeric bouquet was shown to play a crucial role in controlling the behavior of 
fission yeast’s SPB (Tomita and Cooper, 2007). If the bouquet fails to form, the SPB 
becomes fragmented and detaches from the nuclear envelope. Such mutants show 
defects in meiotic spindle formation whereby multiple, monopolar and miss-localized 
spindles result in the miss-segregation of chromosomes (Tomita and Cooper, 2007). 
 
The disassembly of the S. pombe chromosomal bouquet is performed by the dissociation 
of telomeres from the SPB in a concerted manner. It was observed that as the telomeres 
dissociate, they simultaneously disperse into a symmetrical pattern around the SPB 
(Tomita and Cooper, 2007). 
 
Chromosomes in somatic tissues are found to be organized differently to the meiotic 
arrangement. When sister centromeres are pulled to opposite directions by the spindle 
apparatus at mitotic anaphase, chromatid arms become trailed behind. This arrangement 
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of bundled centromeres located at the nuclear periphery can persist into the next 
interphase (reviewed in Cowan et al., 2001; Scherthan, 2001). This is also known from S. 
pombe, where in vegetatively growing cells chromosomes are arranged with their 
centromeres clustered near the SPB, and telomeres randomly distributed at the nuclear 
periphery (Funabiki et al., 1993). 
 
 
3.3.2 The horsetail movement 
When haploid S. pombe cells conjugate to form a diploid zygote, the two parental nuclei 
move towards each other. The telomeres are clustered at the SPBs, which build the 
leading fronts of the two approaching nuclei (Chikashige et al., 1994). Right after 
karyogamy, when the two parental nuclei had fused, but prior to meiotic division, the 
characteristically elongated horsetail-nucleus can be observed (Bähler et al., 1993; 
Robinow, 1977). During this horsetail stage the nucleus performs a dramatic oscillatory 
movement throughout the cell, which has not been observed in any other organism. The 
nucleus is elongated and migrates back and forth for 2-3 hrs along the long axis of the 
cell, making U- turns when reaching the ends of the cell (Chikashige et al., 1994; Ding et 
al., 2004; Hiraoka et al., 2000). This movement is directed by the SPB, to which the 
telomeres are attached as a cluster, trailing behind the looped chromosomes (Chikashige 
et al., 1994; Chikashige et al., 1997; Kohli, 1994; Scherthan et al., 1994). 
The main role in performing nuclear movement is played by the dynein motor complex 
depending on cytoplasmic dynein (Yamamoto et al., 1999). Dhc1 is a microtubule motor 
that has been found to interact with the KASH-domain SPB protein Kms1 by yeast two 
hybrid assay (Miki et al., 2004). The dynein motor proteins are redistributed from 
microtubules behind the moving nucleus to those in front of it, thereby generating the 
pulling force that is necessary for nuclear oscillation (Vogel et al., 2009). As the nucleus 
moves, the leading microtubules shrink and eventually disappear and microtubules 
directed towards the opposite cell pole start to lead the SPB movement establishing the 
persistent nuclear movement (Vogel et al., 2009). This is in contrast to the microtubular 
pushing forces that position the nucleus at the cell center during mitosis (reviewed in 
Tolic-Norrelykke, 2008, 2010). Without dhc1’s function, the horsetail movement is 
abolished and the nucleus remains stationary in the middle of the cell, resulting in a 
reduced frequency of chromosome pairing (Davis and Smith, 2006; Ding et al., 2004; 
Hiraoka et al., 2000; Yamamoto et al., 1999).  
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The horsetail movement of the nucleus is stopped in the center of the cell before the first 
meiotic division. The nucleus returns to  its spherical shape in about 30 minutes (Hiraoka 
et al., 2000) and the vegetative chromosome organization with the centromeres 
associated with the SPB is restored (Chikashige et al., 1994; Chikashige et al., 1997). 
Although the centromere clustering is driven by the microtubular system, maintenance of 
the centromere cluster at the SPB does not depend on microtubules (Goto et al., 2001). 
 
  
3.3.3 Meiotic recombination 
During meiosis, genetic information is mutually exchanged between maternal and paternal 
chromosomes leading to novel combinations of genetic traits in the following generation. 
This meiotic recombination depends on the formation of DSBs. 
In S. pombe, the formation of DSBs depends on numerous meiotic gene products. The 
proteins Rec6, Rec7, Rec8, Rec10, Rec11, Rec12, Rec14, Rec15, Rec24, Rec25, Rec27 
and Mde2 were shown to be essential for the formation of meiotic DSBs (Cervantes et al., 
2000; Davis and Smith, 2001; DeVeaux et al., 1992; Ellermeier et al., 2004; Gregan et al., 
2005; Martín-Castellanos et al., 2005; Ponticelli and Smith, 1989; Young et al., 2004). 
In the course of meiotic recombination events, these proteins are acting in an elaborate 
order. Rec7 is an early recombination gene in S. pombe, that is only transiently expressed 
during meiosis (Lin et al., 1992; Molnar et al., 2001). It is the ortholog of S. cerevisiae’s 
Rec114 which localizes to the DNA, and, together with Mer2 and Mei4, provides a 
platform for the binding of Spo11 (Maleki et al., 2007; Malone et al., 1997; Molnar et al., 
2001; Prieler et al., 2005; Sasanuma et al., 2007). Spo11 is found in all eukaryotes (Malik 
et al., 2007) and it catalyzes the formation of DNA DSBs which initiate meiotic 
recombination (Keeney et al., 1997 reviewed in Edlinger and Schlogelhofer, 2011; 
Keeney, 2001). In fission yeast, the Spo11 homolog is Rec12 (Lin and Smith, 1994). 
Rec12 mutations abolish meiotic recombination and DSB formation throughout the 
genome (Davis and Smith, 2003; DeVeaux et al., 1992; Young et al., 2002). Genome-
wide chromatin immunoprecipitation (ChIP) studies revealed that Rec12 preferentially 
binds to large intergenic regions and that it preferentially binds near genes expressed 
strongly in meiosis. Furthermore it was shown that Rec12 binding coincides with 
recombination activity and DSB formation (Ludin et al., 2008). 
The localization of Rec7 to chromatin depends on the presence of Rec10, but not on 
Rec12 (Lorenz et al., 2006). Rec7 was shown to directly interact with Rec24 (Steiner et 
al., 2010). Rec24 is essential for initiation of meiotic recombination (Martín-Castellanos et 
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al., 2005), and it was identified to be the ortholog to S. cerevisiae’s Mei4 (Kumar et al., 
2010). The loss of interaction between Rec7 and Rec24 leads to recombination deficiency 
(Steiner et al., 2010). 
In budding yeast, Spo11 and Ski8 need to interact for DSBs to be formed and it was 
presumed that Ski8 stabilizes the association of Spo11 with meiotic chromosomes (Arora 
et al., 2004). In fission yeast, Rec14 is the homolog of Ski8 (Evans et al., 1997). Rec12’s 
association with DNA at DSB hotspots was shown to depend on Rec14 and Rec6 (Ludin 
et al., 2008) and a recent study revealed direct interaction between the fission yeast 
proteins Rec12 and Rec14 (Steiner et al., 2010). Rec6, Rec15 and Mnd2 are also 
required for the formation of DSBs throughout the genome (Cervantes et al., 2000; Davis 
and Smith, 2001; Gregan et al., 2005). A putative direct interaction between Mde2 and 
Rec15 was adumbrated, but could not be verified so far (Steiner et al., 2010). 
 
Meiosis specific sister chromatid cohesins Rec8 and Rec11 are recruited to chromosomes 
at the time of premeiotic replication in S. pombe (Kitajima et al., 2003; Watanabe and 
Nurse, 1999). Both are required for meiotic recombination and DNA breakage, but in a 
region-specific manner (Ellermeier and Smith, 2005; Ponticelli and Smith, 1989). 
Depending on the interval or locus tested, crossing over and gene conversions were 
differentially reduced either by monadic factors or by factors of >100 (Ellermeier and 
Smith, 2005).  
 
The behavior of a rec10Δ mutant is indistinguishable from that of rec12Δ, with meiotic 
DNA breakage and meiotic crossing over being eliminated throughout the genome 
(Ellermeier and Smith, 2005). However, while the Rec10 protein is essential for meiotic 
recombination, nuclear structures formed by the protein are not (Ellermeier and Smith, 
2005; Wells et al., 2006). The C-terminally truncated Rec10-155 protein, which contains 
the nuclear localization signal but lacks the putative polymerization domain, does not form 
visible structures (Lorenz et al., 2004) but retains the ability to mediate low, but significant 
levels of recombination (Wells et al., 2006). 
S. pombe proteins Rec25, Rec27 and Rec10 are interdependent on each other for the 
formation of nuclear structures (Davis et al., 2008). However, the deletion of rec25 and 
rec27 does not abolish meiotic recombination genome-wide as the deletion of rec10 does 
(Davis et al., 2008). Although meiotic DSBs have not been detected in rec25Δ and rec27Δ 
(Martín-Castellanos et al., 2005), recombination is not abolished but only reduced in a 
region-specific manner reminiscent of rec8 and rec11 deletions (Davis et al., 2008; 
Ellermeier and Smith, 2005). With respect to meiotic recombination, a rec8Δ rec25Δ 
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double mutant does not show a significant difference to a rec8Δ single mutant, indicating 
that both proteins act in the same pathway (Davis et al., 2008). 
 
After the introduction of DSBs, Rec12, like Spo11, remains covalently attached to the 
5’ end of each DNA strand (Hyppa et al., 2008). In order to process these meiotic DSBs 
into recombinogenic single-stranded DNA, Rec12 has to be removed from the DNA end. 
In budding yeast, Spo11 is removed by an endonucleolytic process and when it is 
released from the cleavage site, short DNA oligonucleotides remain attached to the 
protein (Neale et al., 2005). Two distinct classes of oligonucleotides were found in S. 
cerevisiae, approximately half of 7-12 nucleotides in length and the other half between 21 
and 37 nucleotides in length (Neale et al., 2005). Only one class of oligonucleotides 
attached to Rec12 could be detected in fission yeast, with a length of 17-27 nucleotides 
(Milman et al., 2009; Rothenberg et al., 2009). It has been shown that the nuclease 
activity of the Rad32 component of the MRN complex and nuclease Ctp1 are required for 
the clipping of Rec12 with oligonucleotides attached (Hartsuiker et al., 2009a; Hartsuiker 
et al., 2009b; Milman et al., 2009). Ctp1 shows homology to the Sae2/Com1 protein in S. 
cerevisiae (Akamatsu et al., 2008; Limbo et al., 2007; Prinz et al., 1997), which is involved 
in Spo11 removal (Neale et al., 2005), and to mammalian tumor suppressor CtIP (Sartori 
et al., 2007). CtIP interacts directly with the MRN complex (Sartori et al., 2007), and it was 
suggested by Hartsuiker et al. (2009b) and Milman et al. (2009) that in fission yeast, Ctp1 
and the MRN complex positively regulate each other. Ctp1 is required for the activity of 
Rad32 (Hartsuiker et al., 2009a) and it is concurrently activated by the MRN complex 
(Farah et al., 2009). A recent study also revealed that Ctp1 controls the residence of the 
MRN complex at DSBS and that Rad32 and Ctp1 are involved in and are regulating 
checkpoint kinase signaling at DSBs (Limbo et al., 2011). 
In S. pombe, the MRN complex - consisting of the proteins Rad32, Rad50 and Nbs1 - is 
dispensable for meiotic DSB formation and is only instrumental for the processing of 
DSBs (Young et al., 2004) whereas the budding yeast’s homologous MRX complex with 
Mre11, Rad50 and Xrs2 is also required for Spo11-mediated DSB formation (Cao et al., 
1990). 
 
After DNA DSB formation and resection, recombinase Rad51 is loaded onto the single-
stranded DNA. Rad51 is one of S. pombe’s homologs of the Escherichia coli 
recombination protein RecA (Jang et al., 1994). RecA is indispensable for recombination 
and DNA repair and for inducing SOS response to damaged DNA. It promotes 
homologous pairing and exchange of DNA strands by catalyzing the invasion of single-
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stranded DNA to homologous duplex DNA (Kowalczykowski et al., 1994). Rad51’s 
transcription is significantly elevated during meiotic prophase (Grishchuk et al., 2004; 
Mata et al., 2002), it is however also expressed during vegetative growth, where its 
mutation leads to slowed mitotic growth (Grishchuk et al., 2004). S. pombe’s Rad51 
catalyzes single strand invasion by binding to single-stranded DNA 3’ ends at DSBs and 
promotes annealing of complementary single-stranded DNA (Sauvageau et al., 2005). It is 
essential for the repair of DSBs and for crossover establishment during meiotic 
recombination (Alpi et al., 2003; Aylon and Kupiec, 2004; Shinohara et al., 1992; Zenvirth 
and Simchen, 2000). The deletion of rad51 leads to reduced meiotic recombination, 
instability of diploids, inefficient sporulation and reduced spore viability (Grishchuk and 
Kohli, 2003; Grishchuk et al., 2004). 
 
Another RecA-homolog in S. pombe is Dmc1 (Fukushima et al., 2000). Expression of 
Dmc1 is meiosis specific and reaches the highest level during prophase I, when 
recombination occurs (Grishchuk et al., 2004). Loss of dmc1 affects meiotic recombination 
and lowers the frequencies of crossover and meiotic gene conversion (Fukushima et al., 
2000). However, its disruption does not lead to apparent defects in meiotic progression 
and spore viability (Fukushima et al., 2000; Grishchuk and Kohli, 2003). This is in contrast 
to S. cerevisiae’s Dmc1, which is essential for homologous recombination (Bishop et al., 
1992; Shinohara et al., 1997). Recently it was shown, that S. pombe Dmc1 is required for 
the formation of stable DNA recombination molecules between homologous 
chromosomes in DSB hotspot-poor intervals but does not play a role at strong DSB 
hotspots (Hyppa and Smith, 2010). 
 
Both fission yeast proteins, Rad51 and Dmc1, can be detected by immuno-fluorescence 
as distinct foci on spreads of meiotic chromatin (Grishchuk et al., 2004). In vitro, they form 
helical nucleoprotein filaments and promote strand exchange with homologous DNA 
(Sauvageau et al., 2005). Rad51 foci localize preferentially to LinEs, and depend on Rec7, 
Rec10 and Rec12 (Lorenz et al., 2006). 
 
Meiotic recombination events usually do not occur independently of each other. 
Interference, the inhibiting effect of one event on a second event, is pronounced for 
adjacent small intervals and reduced or eliminated with increasing distance. This was 
found for a variety of organisms, and it was hypothesized early that the SC is responsible 
for chiasma interference (Egel, 1978; King and Mortimer, 1990). Neither S. pombe nor 
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A. nidulans - two organisms shown to lack the SC - show interference of recombination 
events (Munz, 1994; Strickland, 1958). 
In S. pombe, there are ~45 crossover events per meiosis (Munz et al., 1989) distributed 
over only three chromosomes (Kohli et al., 1977). In comparison with other eukaryotes, 
this results in an exceptionally high number of recombination events per bivalent (King 
and Mortimer, 1990). But it is this high number of recombination events that ensures in the 
absence of interference the formation of at least one crossover per bivalent, which is 
crucial for establishing the essential physical link between homologous chromosomes. 
 
 
 
3.4 Fission yeast’s linear elements – LinEs 
 
Fission yeast S. pombe is one of only a few exceptional organisms known to accomplish 
meiosis without the establishment of the canonical SC. Instead of SC formation, the 
establishment of filamentous structures, the so-called linear elements (LinEs), can be 
observed during meiosis (Bähler et al., 1993; Olson and Zimmermann, 1978 reviewed in 
Kohli and Bähler, 1994; Loidl, 2006).  
Identified first by electron microscopy, the LinEs have been considered to be the minimal 
structural requirement for efficient pairing of homologous chromosomes during meiosis, 
and for meiotic recombination (Bähler et al., 1993; Kohli and Bähler, 1994; Scherthan et 
al., 1994). 
 
 
3.4.1 Morphology and development of LinEs 
In contrast to the canonical SCs, LinEs are more numerous than chromosomes, they are 
discontinuous and do not associate along the whole length of meiotic chromosomes 
(Bähler et al., 1993). Wild-type LinE development exhibits morphologically distinct LinE 
classes, which display the progress of LinE formation (Bähler et al., 1993; Lorenz et al., 
2004) (Figure 3.4.1). When immunostaining against main LinE proteins (see 3.4.2), the 
earliest LinE structures can be found at 3 hours after induction of meiosis. Up to 58 dots 
and very short threads can be found at this early stage of LinE development (Lorenz et al., 
2004). This class of LinEs was not found by electron microscopy (Bähler et al., 1993; 
Molnar et al., 2003), probably due to high background staining of non-localized LinE 
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proteins in nuclei of that stage. Dots and short threads fuse and polymerize further and 
individual LinEs of various lengths, which now can be detected by electron microscopy 
and immunostaining, peak at 5 hours after induction of meiosis (Bähler et al., 1993; 
Lorenz et al., 2004). LinEs are then further extended and networks of long and 
interconnected structures are developed. After appearing in the electron microscope as 
dense bundles of LinEs (Bähler et al., 1993) and as thick threads in immunostaining 
(Lorenz et al., 2004), LinEs are believed to disintegrate again forming individualized 
threads (Bähler et al., 1993; Lorenz et al., 2004; Molnar et al., 2003). 
 
 
 
Figure 3.4.1: Morphology 
and development of LinEs. 
Detection of LinEs by 
electron microscopy after 
silver staining (upper row) 
and by fluorescent 
microscopy after 
immunostaining of main 
LinE protein Rec10 (mid 
row). LinE development 
starts with dots (which are 
poorly visible with the 
electron microscope), which 
elongate and form threads 
and subsequently mature to 
form networks and then bundles of parallel LinEs. Threads are found again at later stages, presumably 
representing the last step of then disintegrating LinEs. Bar indicates 5µm. (Figure taken from Lorenz et al., 
2006) 
 
Studies by Bähler et al. (1993) revealed that LinE development takes place during the 
horsetail stage when homologous pairing is believed to occur (Yamamoto et al., 2001). 
Scherthan et al. (1994) monitored the pairing of several loci cytologically and 
demonstrated an increase in pairing frequencies during meiosis, most notably within the 
period during which LinE development takes place. However, there is little direct evidence 
on the spatial relationship of LinE development relative to chromosome pairing in meiotic 
prophase and of whether those chromosome regions which develop LinEs are 
preferentially or exclusively paired. 
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3.4.2 LinE proteins 
The first protein described as an essential component of LinEs was the S. pombe protein 
Rec10, a homolog to S. cerevisiae’s axial element protein Red1 (Lorenz et al., 2004). 
Both proteins show architectural and partial sequence similarities, predominantly in 
regions predicted to contain nuclear targeting signals and thought to mediate homo-
oligomerization (Hollingsworth and Ponte, 1997; Lorenz et al., 2004; Woltering et al., 
2000). 
Immunostaining against Rec10 reveals structures that correspond with the classes of 
LinEs that have been defined by their appearance in the electron microscope (Bähler et 
al., 1993; Lorenz et al., 2004). LinEs were not found in the rec10 mutant strain neither by 
electron microscopy nor by immunostaining (Lorenz et al., 2004; Molnar et al., 2003).  
 
The two meiosis specific proteins Rec25 and Rec27 (Martín-Castellanos et al., 2005) are 
required for the pairing of homologous chromosomes (Davis et al., 2008). Chromosome 
pairing in rec25Δ and rec27Δ strains is reduced by the same extent as in the rec10 
deletion (Davis et al., 2008; Molnar et al., 2003). Visualization of Rec25 and Rec27 
revealed that they colocalize with Rec10 structures in the nucleus (Davis et al., 2008). The 
loading of Rec10, Rec25 and Rec27 is interdependent (Davis et al., 2008), all three are 
essential to form LinEs (Davis et al., 2008; Lorenz et al., 2004). 
 
Another protein found to localize to LinEs is fission yeast’s Hop1, a homolog to the 
budding yeast Hop1 (Lorenz et al., 2006). S. cerevisiae’s Hop1 is a DNA binding protein 
which physically interacts with itself and with the axial element protein Red1 (de los 
Santos and Hollingsworth, 1999; Kironmai et al., 1998). In S. cerevisiae, the axial element 
protein Hop1 was shown to have a role in ensuring meiotic inter-homolog recombination. 
It is a target of kinases Mec1 and Tel1, the budding yeast homologs of the mammalian 
ATR and ATM (Carballo et al., 2008). The phosphorylation of Hop1 is required for Mek1 
activation which then prevents Dmc1 independent inter-sister repair of meiotic DSBs, and 
therefore biases meiotic DSB repair to occur between homologous chromosomes (Niu et 
al., 2007). Hop1 is not phosphorylated in the absence of Spo11 (Niu et al., 2005). The 
Red1 dependent recruitment of Hop1 to the chromatin (Smith and Roeder, 1997) is also 
required for the phosphorylation of Hop1, as this was absent in a red1Δ strain (Carballo et 
al., 2008). 
Immunostaining of fission yeast’s Hop1 produces patterns similar to Rec10 LinEs (Lorenz 
et al., 2004). It localizes in a Rec10 dependent manner and its deletion only slightly affects 
LinE formation (Lorenz et al., 2006; Lorenz et al., 2004). 
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In budding yeast, Hop1, Red1 and protein kinase Mek1 are involved in axial element 
formation (Hollingsworth and Ponte, 1997). Mutations in Hop1 and Red1 eliminate SC 
formation, while the loss of Mek1 does not affect the establishment of the SC 
(Hollingsworth and Byers, 1989; Hollingsworth and Ponte, 1997). Mutations in all three 
S. cerevisiae genes lead to severe defects in the formation of crossover between 
homologs and to reduced spore viability (Hollingsworth and Byers, 1989; Hollingsworth et 
al., 1990). In S. pombe however, deletions of mek1 and hop1 result in much less severe 
defects. Pairing of homologous chromosomes is maximally reduced to 50% and spore 
viability, intergenic recombination and gene conversion are only moderately reduced 
(Latypov et al., 2010; Perez-Hidalgo et al., 2003). In addition, LinE formation is only 
affected to some extent in these mutants (Lorenz et al., 2006). 
 
The formation of normal LinEs depends on cohesion. In the absence of the cohesin 
component Rec8, LinE formation is impaired and only rudimentary structures can be 
detected (Lorenz et al., 2004; Molnar et al., 1995). In addition, LinE components Rec10, 
Rec25 and Rec27 are loaded onto chromosomes in a Rec8-dependent manner (Lorenz et 
al., 2004; Molnar et al., 1995; Molnar et al., 2003). 
 
Small ubiquitin-like modifier (SUMO) modifications of chromosomal proteins were shown 
to regulate SC formation in the budding yeast (Cheng et al., 2007; Cheng et al., 2006; de 
Carvalho and Colaiácovo, 2006; Eichinger and Jentsch, 2010; Hooker and Roeder, 2006; 
Lin et al., 2010). The conjugation of SUMO to target proteins is a highly conserved and 
reversible post-translational modification. It modulates interactions between proteins and 
between proteins and the DNA and is involved in regulating a variety of cellular processes 
(reviewed in Hay, 2005; Muller et al., 2001; Schwartz and Hochstrasser, 2003). 
Interestingly, while post-translational ubiquitination usually targets substrates for 
degradation, the addition of SUMO conjugates appears to promote stability and regulate 
the subcellular localization of its targets (Muller et al., 2001). During meiosis, SUMO was 
found to localize specifically to synapsed chromosome regions in a Zip1 dependent 
manner (Hooker and Roeder, 2006). Accordingly, it was suggested that SUMO polymeric 
chains are sandwiched between Zip1 and Red1 to promote the assembly of the SC (Lin et 
al., 2010). It was demonstrated that the interaction of the S. cerevisiae axial element 
protein Red1 with SUMO chains, but not monomers, is required for the phosphorylation of 
Hop1, which ensures recombination between homologous chromosomes (Lin et al., 
2010). The steady-state levels of SUMOylated Red1 are very low during meiosis with only 
about 1-5% of Red1 protein being modified, which suggests that SUMOylation of Red1 is 
Introduction 
28 
 
only transient (Eichinger and Jentsch, 2010). Additionally, Eichinger and Jentsch (2010) 
found out that a SUMO-deficient strain is capable of forming full SCs, but that their 
formation is significantly delayed by several hours. This indicates that the interaction of 
Red1 and SUMO is not essential for the assembly of SCs, but rather promotes the 
initiation of SC formation. Red1 was also shown to be a phosphoprotein (de los Santos 
and Hollingsworth, 1999), but its phosphorylation was recently suggested not to be 
required for its function in meiosis (Lai et al., 2011). It was shown that fission yeast’s LinE 
protein Rec10 is also modified in a SUMO-dependent manner (Spirek et al., 2010). In the 
absence of SUMO E3 ligase Pli1, modified high-molecular-weight species of Rec10 are 
missing and LinE formation is aberrant (Spirek et al., 2010). Although S. pombe’s SUMO 
protein Pmt3 localizes to LinEs, it was not found to directly interact with Rec10, as it could 
not be detected by mass-spectrometric analysis of the Rec10 protein complex (Spirek et 
al., 2010). 
 
 
 
3.5 Rationale 
 
Fission yeast S. pombe is an ideal organism for genetic studies in general and for the 
investigation of meiosis in particular. Its advantages are the simplicity of a unicellular 
eukaryote, the opportunity to synchronize cultures, well established biochemical methods 
and the inducibility of meiosis. 
S. pombe has a relatively small genome of 12.5 Mb, which was fully sequenced in 2002 
(Wood et al., 2002). The genome contains about 5000 open reading frames distributed on 
only 3 different chromosomes, which is the smallest number of genes amongst 
eukaryotes. 
 
S. pombe is one of only a few eukaryotic organisms which accomplish meiosis without the 
formation of the canonical pairing structure – the SC. Although it is crucial for homologous 
chromosomes to be tightly paired during meiosis to assure the correct distribution of 
chromosomes to daughter cells, a handful of eukaryotes, members of distinct groups, 
established solutions to guarantee faithful pairing without an SC. Fission yeast and 
organisms like fungi A. nidulans and U. maydis, ciliate Tetrahymena and the male fruit fly 
D. melanogaster efficiently pair homologous chromosomes without the assembly of the 
SC. 
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Of S. pombe’s LinEs it is known that they are involved in chromosome pairing and that 
they are essential for wild-type levels of meiotic recombination and spore viability. 
However, the precise function of the LinEs still needs to be elucidated. Recent studies 
revealed new proteins to be involved in the formation and function of LinEs. These 
proteins are not homologous to components of the SC, and were shown to be essential 
for the fulfillment of meiotic processes in the context of LinEs. However, a lot of open 
questions remain elusive. How is the formation of LinEs orchestrated and regulated? 
Does the LinE protein complex contain more unknown proteins? And if so, what functions 
do these proteins execute? Are they regulators of LinE formation? Are they pioneering 
LinE formation or are they stabilizing the nuclear structures? 
This study aims to address some of these questions by investigating the LinE protein 
complex in more detail. Performing yeast two-hybrid screens will allow the identification of 
so far unknown proteins which interact with LinE components. The search for and study of 
new components will shed more light on the still insufficiently explored LinEs. 
 
Moreover, studying the abilities and limitations of SC-less meiosis in S. pombe can 
generally provide new insights about the enigmatic origin, evolution and function of the 
pairing structure SC and therefore deepen the insight to fundamental processes of sexual 
reproduction. Pairing and the reciprocal exchange of genetic material between 
homologous chromosomes during meiosis ensure a proper segregation of parental 
chromosomes to gametes. Failures in this meiotic key events result in aneuploid gametes 
and the importance of faithful segregation is underscored by infertility, miss-carriages and 
various birth defects resulting from erroneous chromosome segregation in the paternal or 
maternal progenitors. 
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4 MATERIALS AND METHODS 
 
General experimental procedures were performed according to standard laboratory 
experimental methods or according to instructions provided by the manufacturer and are 
not included in this section. Deviations from standard protocols are outlined. 
 
 
4.1 Working with yeast 
 
Liquid cultures of yeast (and bacteria) were grown in sterilized glass flasks (standard 
laboratory Erlenmeyer flasks; volume 500 ml - 6 L) with the culture volume filling a 
maximum of 1/5 of the flask volume to allow sufficient mixing and aeration of the cells. 
Standard growth temperature was adjusted to individual requirements and standard 
agitation was set on 200 rpm. Pre-cultures of smaller volumes (2-15 ml) were grown in 
sterile plastic tubes with only partially closed lids. 
 
 
4.1.1 Yeast transformation 
1.5 ml of an over-night culture were transferred to a 1.5 ml reaction tube and centrifuged 
for 3 min at 1000xg. The supernatant was carefully removed and the pellet was washed 
twice with 1 ml of 0.1M LiAc/TE. Then the pellet was resuspended in 150 µl of 0.1M 
LiAc/TE. The cells were incubated for 30 min at their standard growth temperature (30°C 
for S. pombe and S. cerevisiae, 25°C for S. pombe pat1-114 mutant strains). The 
transforming DNA (plasmid DNA or linearized DNA constructs) was added in a maximal 
volume of 15 µl. The cells were briefly mixed by vortexing and 2 µg denatured salmon 
sperm DNA was added. Then 375 µl of the transformation mix were added and mixed with 
the cells by inverting the tube carefully. After incubation at growth temperature for 45 min, 
a heat-shock of 5 min (3 min for S. pombe pat1-114 mutants) at 46°C was performed. 
Then the cells were cooled to room temperature (10 min) before centrifuging for 30 sec at 
2000xg. The supernatant was then carefully removed by pipetting. The cells were taken 
up in 1 ml of standard rich medium, transferred to a 13 ml tube and incubated over night 
with shaking at standard growth temperature. If the transforming DNA carried auxotrophic 
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selection markers, cells could be streaked out on selective media directly after 
transformation. 
On the next day, an aliquot of 100 µl, and the rest of the cells, were plated on appropriate 
selective media, respectively. Plates were incubated for 3-4 days at standard growth 
temperature until single colonies had grown. These single colonies were then subject to 
further testing (e.g. colony PCR). 
 
1xTE buffer 
10mM Tris/HCl 
1mM EDTA pH 8 
in dH2O 
 
LiAc/TE 
0.1M lithium acetate 
in 1xTE buffer 
 
Transformation Mix 
40%  PEG 4000 
0.1M lithium acetate 
in TE buffer 
 
 
4.1.2 Construction of haploid S. pombe strains 
Construction of heterothallic S. pombe mutant strains by crossing 
To combine properties of different mutant strains, an approach based on recombination 
during meiosis was taken. 
Haploid strains of opposite mating types carrying the desired properties to be combined 
were mixed in 100 µl of dH2O. The cells were then pipetted as a thin line onto a MEA+5 
plate and were incubated at standard growth temperature for 3 days to mate and undergo 
meiosis. 
Successful sporulation was checked under the light microscope. To raise colonies from 
individual spores, a small amount of spores was resuspended in 0.5 ml of 0.4%               
β-glucuronidase (Type HP-2 from Helix pomatia, Sigma-Aldrich) to digest all cellular 
material except spores, whose cell wall can resist this treatment. After incubation at 
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growth temperature with rigid agitation over night, the digest was checked under the light 
microscope and the spores were applied sparingly on YEA+5 plates. 
If one attribute linked to an antibiotic resistance marker, spores were first incubated for 4 
to 6 hours in 3 ml of YEL+5 at growth temperature for germination and then plated on rich 
medium plates containing the corresponding drug. 
Single spore colonies could be seen after 3 to 4 days of incubation at growth temperature. 
 
When two attributes were linked to the same selective marker, cells had to be mated and 
then analyzed by tetrad dissection (see details below). YEA+5 plates with dissected 
tetrads grown to visible colonies were replica-plated onto the appropriate selective rich 
medium. When 2 out of 4 single spore colonies per tetrad were growing under selective 
conditions, these two were chosen as positive candidates carrying both attributes 
combined, which is assured by the distribution of markers according to Mendelian 
inheritance. 
 
To test for the mating type, the ade6 allele, and auxotrophic markers, single spore 
colonies were streaked freshly onto rich medium YEA+5 as short lines according to a 
uniform grid pattern. The cells were grown for one day and were then replica-plated onto 
the following media plates and incubated for 3 days for further investigation: 
1. YEA – to determine the ade6 allele 
 Growth on low adenine medium results in a characteristic coloring of the two 
different ade6 alleles. Ade6-M210 colonies turn dark red, while ade6-M216 
colonies turn pale pink. 
2. EMM+ade – to test auxotrophic markers 
 Cells carrying at least one auxotrophic marker were determined by absence of 
growth on these plates. When looking for cells carrying more than one auxotrophy, 
EMM plates were used, which contain all amino acids but the one to be tested for. 
3. MEA+5 – to check the mating type 
After replica-plating on the MEA+5 plate, thin lines of wild type h+ and h- were 
stamped across each colony. During incubation for 3 days, cells of opposite mating 
types formed zygotes and underwent meiosis resulting in the formation of spores. 
The plate was then held over the vapor of iodine crystals for 1 to 5 min. The spore 
wall contains specific starch structures which in the presence of I2 can be detected 
by dark staining, the mating type was determined by spotting sporulation where 
crossed either with wild type h+ or with wild type h-. 
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Construction of heterothallic S. pombe strains by transformation 
Haploid knockout strains or haploid strains carrying tagged fusion-proteins were 
constructed by transforming S. pombe cells with an appropriate construct which was 
subsequently integrated into the genome by homologous recombination. A plasmid 
carrying homologous sequences and a selection marker was designed for transformation 
and integration into the desired locus in the genome. For this purpose, it was linearized 
using a unique restriction site, transformed into yeast cells and then integrated into the 
genome. Successful integration was monitored by growth under selective conditions and 
by colony PCR. Using this technique, the ORF of the desired gene was replaced to 
construct a knockout strain. Alternatively, the original C-term of the desired gene was 
replaced by a C-term fused to a tag-sequence to give rise to a strain expressing a fusion-
protein. 
 
Construction of a knockout strain 
For construction of the mug20 deletion strain, a knockout construct supplied by J. Gregan 
as a bacterial clone was used (Gregan et al., 2005) (see appendix for vector map). A 
bacterial culture was grown and the plasmid was isolated by mini-prep. The plasmid was 
then linearized at its unique restriction site. Haploid S. pombe strains of opposite mating 
types carrying complementing ade6 alleles were transformed with the linear knock-out 
construct. The cells were then incubated over night in rich medium and later streaked onto 
YEA+5+ClonNAT plates. Growth of transformed cells on selective media indicated the 
successful transformation, but did not verify whether the construct was integrated at the 
desired location in the genome. Single colonies were screened by colony PCR for the 
correct integration of the knockout construct resulting in the replacement of the wild-type 
gene. Primers located inside the construct and in flanking regions were used to confirm 
that the construct was integrated at the desired locus. In addition, a PCR reaction for the 
wild-type copy of the gene was performed to confirm the gene’s absence (see figure 4.1.1 
for a schematic illustration of the knockout strategy). 
 
Figure 4.1.1: Schematic illustration of the knockout strategy (modified from 
Gregan et al., 2005). Flanking regions upstream and downstream of the 
ORF were amplified and cloned together into the knockout vector creating a 
unique restriction (UR) site at the junction between the fragments. The 
plasmid was amplified in bacteria and linearized using the unique restriction 
site. The linear DNA was transformed into yeast and the genomic locus was 
replaced by homologous recombination. The correct replacement of the 
ORF was then verified by colony PCR. 
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Construction of a fusion-tag strain 
The C-terminal region of about 500 bp of the desired gene was amplified by PCR from 
genomic DNA using a polymerase capable of proofreading activity (VELOCITYTM DNA 
Polymerase, Bioline). Primers were designed to eliminate the STOP-codon of the gene 
and desired recognition sites for restriction enzymes used in later cloning steps were 
added by primer extension. A unique restriction site - not existing in the tag-vector - had to 
be present in the middle part of the C-terminal region for later processing. The PCR 
products were cleaned and ligated into the shuttle vector pJET1.2 (pJET1.2/blunt Cloning 
Vector, Fermentas) according to the protocol of the manufacturer. 
To check for error-free amplification of the DNA fragments, sequencing was performed. 
Correct fragments were cut out of the shuttle vector and then ligated with the desired tag-
plasmids to give rise to the final constructs. The resulting vectors were then checked for 
correct insertion of the fragments by restriction digest. 
To transform the plasmid into S. pombe cells, and thereby allow integration by 
homologous recombination, the tag-plasmids were linearized using the unique restriction 
site. The linear DNA was then transformed into S. pombe strains with the desired 
genetic/mutant backgrounds and transformed cells were grown under selective conditions. 
Positive candidates were checked by colony PCR for the correct integration of the tagging 
construct (see figure 4.1.2 for a schematic illustration of the tagging strategy). 
 
 
Figure 4.1.2: Schematic illustration of the 
transformation based approach to construct a 
strain carrying a tagged fusion-protein. The C-
terminal region of the desired ORF was 
amplified by PCR. Primers were designed to 
exclude the endogenous STOP-codon and to 
amplify a fragment of approx. 500bp including a 
unique restriction (UR) site which had to be 
located inside the fragment. The C-term was 
cloned in-frame into the tagging vector. After 
linearization at the unique restriction site, the 
vector was transformed into yeast. The 
construct was integrated at the genomic locus 
by homologous recombination and was then 
verified in cells growing in the presence of 
selection drugs by colony PCR.  
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Colony PCR 
Colony PCR was performed on S. pombe strains to check cells directly for the correct 
localization of a transformed construct (tag or knockout) without isolating chromosomal 
DNA. The PCR reaction mix was pre-mixed on ice in small 0.2 ml reaction tubes. Small 
amounts of cells from single colonies were taken up with sterile tips and dissolved in the 
PCR mix. Standard parameters were used to perform the PCR reaction, with an elongated 
initial denaturation step of 5 min. 
PCR products were analyzed by agarose gel electrophoresis. 
 
 
Dissection of S. pombe spores 
Haploid strains were mated on MEA+5 plates for 36 hrs at standard growth temperature. 
The progression of mating and sporulation was then checked under the light microscope. 
When asci - containing four visible spores - had been formed, a small amount of cells was 
taken, resuspended in 30 µl of dH2O and spread as a 1 cm broad line on one side of a 
YEA+5 plate. This area was screened and single asci were positioned at desired 
coordinates on the same plate using a micromanipulator (MSM System, Singer 
Instruments). The cells were incubated at growth temperature for 1-4 hrs. By this time the 
ascus wall had fallen apart, allowing dissection of single spores. These spores were 
positioned separately and grown under standard growth conditions for 3 days. 
 
 
Freezing of yeast strains 
To prepare yeast stocks, the strain of interest was grown over night at standard growth 
temperature in 3 ml of rich medium. Cells were harvested by centrifugation and 
resuspended in 1 ml of sterile freezing solution (50% glycerol in liquid rich medium). After 
a short incubation at room temperature, cells were stored at –80°C. 
To revive a strain, a small amount of frozen cells was transferred onto a rich medium plate 
and incubated at standard growth temperature until colonies appeared. 
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4.1.3 Construction of diploid S. pombe strains 
Haploid strains of opposite mating types (h+ and h-) each carrying a different ade6 allele 
(ade6-M210 or ade6-M216) were mixed on MEA+5 plates and incubated over night at 
25°C for mating. The progress of mating was checked by light microscopy and a small 
amount of cells was washed with dH2O and then dispersed on an EMM plate lacking 
adenine. The different ade6 alleles complement one another when combined, allowing 
only diploid cells to grow in the absence of adenine. 
After incubation for 4 days at standard growth temperature, 2 to 4 single colonies were 
chosen and freshly streaked out onto EMM plates. 
To maintain vegetative growth of the diploid strains, cells were then streaked onto YEA 
plates lacking adenine and their ability to undergo meiosis was checked by testing the 
ability to sporulate. 
 
 
4.1.4 S. pombe meiotic time-course experiments 
Meiotic time-course experiment in a wild-type background 
The diploid strain of interest was grown freshly on YEA lacking adenine for 4 days at 30°C 
until well visible single colonies had formed. Three to five white colonies were chosen and 
mixed. A small amount of this mixture was taken to inoculate 2 pre-cultures in 15 ml of 
YEL each. The liquid cultures were grown for 24 hrs at 30°C with agitation. The remaining 
mixed cells were streaked on a MEA+5 plate and incubated at 25°C to check the culture’s 
ability to sporulate. 
The sporulation of the culture was checked under the light microscope and one of the pre-
cultures was chosen for further processing. The density of this pre-culture was calculated 
after counting cells using a counting chamber (Neubauer). 200 ml of PM medium 
containing only necessary supplements were inoculated with cells from the pre-culture to 
a final density of approximately 6.25x105 cells per ml. The culture was then incubated for 
14 to 16 hrs at 30°C. 
To check growth of the culture in PM medium, the cell titer was determined again. When 
the density was close to 1x107 cells/ml, the total culture was harvested by centrifugation 
for 4 min at 2000 rpm and cells were washed once with dH2O. After a final centrifugation, 
the pellet was resuspended in an appropriate amount of sporulation medium PM-N to 
reach a final density of 1x107 cells/ml. The culture was then incubated at 30°C under 
shaking conditions.  
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Samples were taken at one hour intervals, starting from the time-point at which the culture 
had been transferred to sporulation medium. To estimate whether the level of 
synchronization was sufficient and to analyze the kinetics of the time-course, aliquots of 
0.5 ml were taken, centrifuged and resuspended in 0.5 ml of cooled 70% ethanol (-20°C) 
for fixation. Such samples could be stored at 4°C for a longer time period. Before staining, 
the fixed cells were washed and resuspended in 200 µl of dH2O and then mounted on a 
microscopic slide with DAPI mount solution (0.2 µg DAPI in 1 ml Vectashield anti-fading 
solution (Vector Laboratories)). For each time-point (0–10 hrs and 24 hrs after induction of 
meiosis) 200 cells were screened and classified according to number (1, 2 or 4) and 
shape (horsetail) of their nuclei. 
For the preparation of nuclear spreads for cytological analysis, samples of 5 ml were 
taken hourly between 4 and 8 hrs after induction of meiosis (see further details below). 
 
 
Meiotic time-course experiment in the pat1-114 mutant background 
The pat1-114 mutation allows induction of highly synchronous meiosis by temperature 
shift in both haploid and diploid strains. Strains can be propagated and manipulated (e.g. 
for crossing) normally at the permissive temperature of 25°C. Upon a temperature shift to 
34°C, the meiotic program is induced (Bähler et al., 1991).  
The diploid strain of interest was grown freshly on YEA lacking adenine for 4 days at 25°C 
until well visible single colonies had formed. A liquid pre-culture was inoculated from a 
mixture of several white single colonies in 15 ml of YEL and was then grown for 24 hrs at 
25°C. Then the cell density was counted. When cells had grown and the titer was between 
0.5-1x107 cells per ml, the culture was diluted 1:100 in a total volume of 100 ml of PM 
medium and incubated at 25°C for 42 hrs. A small amount of cells from the original pre-
culture was pipetted onto a YEA+5 plate and incubated at 34°C to check the ability to 
induce sporulation. The culture was diluted in 200 ml of fresh PM medium to a density of 
0.2x107 cells per ml and let grown for 6 to 8 hrs at 25°C. The cells were then harvested by 
centrifugation for 5 min at 3000 rpm, washed twice with dH2O and the pellet was 
resuspended in 200 ml of PM-N. The culture was then incubated over night at 25°C. 
When the cell density had reached 1-2x107 cells per ml, the temperature was shifted to 
34°C, thereby inducing meiosis. Samples were taken every hour until 6 hrs after induction. 
Progression through meiosis is quicker in the mutant pat1-114 background, therefore 
samples were taken every 30 min between 2 and 5 hrs after induction. DAPI staining of all 
time-points was performed as described above and cytological samples were prepared 
from desired time-points. 
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All minimal media used in these experiments was supplemented with 1% casamino acids 
and 0.01% uracil. 
 
 
4.1.5 Cytological methods 
Nuclear spreads of meiotic nuclei 
Samples from meiotic time-course experiments were taken to detergent- spread nuclei on 
object slides for microscopic studies. 
5 ml of cells were taken, centrifuged for 4 min at 2000 rpm and the pellet was 
resuspended in 1 ml of digestion mix. After incubation for 25 min at 30°C (agitation 
200 rpm) the progress of the digest was evaluated by light microscopy. Was the cell 
material sufficiently digested, ice cold Solution II was added to a volume of 5 ml. Then the 
suspension was centrifuged for 4 min at 2000 rpm and the pellet was carefully 
resuspended in 100 µl of Solution II. 1 µl of 1M PMSF in DMSO was added and the 
spheroblast suspension was stored on ice for further procedures. 
To prepare slides of spread meiotic nuclei, 20 µl of the spheroblast suspension were put 
on a clean glass slide. 40 µl of fixative and 80 µl of detergent were added. After 30 sec 
additional 80 µl of fixative were added and the suspension was carefully distributed on the 
surface with a glass rod. The slides were dried at an even surface for 20 to 30 hrs at room 
temperature and were then stored at –20°C. 
 
Digestion mix for 5 ml of cells  
1 ml  0.65M KCl 
20 µl  DTT (0.5M) 
20 µl  Zymolyase T100 (10 mg/ml) (Seikagaku) 
20 µl  lysis enzyme L5787 (100 mg/ml)  
60 µl  lysis enzyme Glucanex L1412 (250 mg/ml) 
 
Solution II 
0.1M   MES 
1mM   EDTA, pH 8 
0.5mM  MgCl2 
1M   Sorbitol 
Adjust to pH 6.4 by adding 10N NaOH. 
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Fixative 
4%  paraformaldehyde 
3.6%  sucrose 
dH2O added and gently heated until the liquid gets clear, stored at 4°C. 
 
Detergent 
1% lipsol 
in dH2O 
 
 
Fluorescence immunostaining of nuclear spreads 
The microscopic slides were washed 3 times for 15 min in 1x PBS-T (0.05% Triton X-
100). The primary antibody (or combination of antibodies) was pipetted on the slide and 
then covered with a small cover-slip. The slides were incubated in a humid chamber over 
night at room temperature. 
After washing the slides three times in 1x PBS-T, the secondary antibody (or combination 
of antibodies) was applied. A cover-slip was placed on top and the slides were incubated 
for 4 to 6 hrs in a humid chamber at room temperature. The slides were then washed 
again and a drop of DAPI mount solution was applied. After covering with a cover-slip the 
slide was squeezed firmly in a block of filter paper. The edges of the cover-slip were 
sealed with rubber cement and such slides could be stored for a longer time period at 4°C 
in the dark. 
 
10x PBS 
80 g NaCl 
2 g KCl 
6.1 g Na2HPO4 
2 g KH2PO4 
dH2O added to 1000 ml 
 
 
Microscopy 
Evaluation of fluorescence immunostained preparations was done using a Zeiss Axioskop 
epifluorescence microscope equipped with single-band-pass filters for the excitation of 
infrared, red (CY3), green (GFP and FITC) and blue (DAPI) fluorescence.  
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Images of high magnification of single-color channels were collected with a cooled black 
and white CCD camera (Photometrics) controlled by Metaview software. Adobe 
Photoshop software was used to transfer black and white pictures into false-color pictures 
and to merge pictures taken through different filters. 
 
 
4.1.6 Meiotic recombination assay 
Freshly growing haploid strains from overnight cultures in YEL+5 were mixed in roughly 
equal amounts (1 ml h+ plus 1 ml h-). The cells were centrifuged, washed once with 1 ml of 
0.85% NaCl, centrifuged again and then resuspended in 0.5 ml 0.85% NaCl. 80 µl of the 
cell suspension were pipetted as a thin line onto MEA+5 plates, let dry and then incubated 
at 25°C for 3-4 days. 
The sporulation efficiency was checked under the light microscope. Cell material was 
taken off the plate and resuspended in 1 ml of dH2O, washed once and then resuspended 
in 0.5 ml of filter sterilized 0.4% β– glucuronidase. The cells were incubated at 30°C over 
night ensuring efficient mixture of the material. The spore density was calculated under 
the light microscope using a counting chamber. For each cross, several dilutions were 
prepared and a defined number of spores was plated on the different selection plates 
(5 plates per cross per type of selection plate). Of crosses to be tested for intergenic 
recombination 5x102 and 5x103 spores were plated on the different selection plates. For 
crosses to be tested for intragenic recombination, drop- out plates were used and 5x105 
and 1x106 spores were plated. To calculate the numbers of viable spores, 5x102 spores 
from each cross were streaked onto rich medium. All plates were incubated for 3-4days at 
30°C until single colonies were visible. 
 
 
4.1.7 Yeast two-hybrid screen 
To amplify and obtain a big amount of the yeast two-hybrid cDNA library (Nojima cDNA 
Library Collection No.37; pAD3 cDNA Library S. pombe CD16-1(H+/h-) N-(T/C) (Kobori et 
al., 1998)), a liquid culture of the bacterial library was grown in 100 ml of 2xTY +amp over 
night (the cDNA library had been transformed to highly competent E. coli XL1 Gold 
(Stratagene) for amplification by Mario Spirek). The cells were harvested by centrifugation 
at 6000xg for 15 min at 4°C and plasmid DNA was purified using the Qiagen Plasmid Midi 
Kit (Qiagen). The DNA was dissolved in dH2O and stored at -20°C. 
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Yeast two-hybrid screen using Rec10 as bait protein 
An S. cerevisiae strain carrying the Rec10- bait plasmid (strain MSY466 constructed by 
Mario Spirek; Loidl lab collection) was transformed with the yeast two-hybrid meiotic 
cDNA library. The transformed cells were resuspended in YSD-L-W and spread onto 
several YSD-L-W plates. At intervals of several days, grown single colonies were taken 
and restreaked onto fresh plates for further analysis. 
The genomic DNA of putative candidates was transformed individually into E. coli 
MC1066 cells for amplification. This strain carries auxotrophic markers leuB and trpC 
which can be complemented by the yeast genes LEU2 and TRP1 to allow investigations 
on the transformed plasmid by growth on selective media. Several candidates of each 
transformation were streaked out as patches on M9+ura, M9+ura+leu, M9+ura+trp and 
M9+ura+leu+trp plates respectively and incubated at 37°C. Bacterial strains growing 
without the presence of leucine but not without tryptophane were chosen for further 
experiments, as this growth behavior indicated the presence of the prey plasmid carrying 
the LEU2 marker. Plasmid DNA was isolated and then retransformed into the original 
S. cerevisiae MSY466 bait strain and candidates growing on YSD-L-W were freshly 
restreaked. To analyze putative protein interactions, the candidates were streaked out 
sparingly onto YSD-L-W-ade and YSD-L-W-H plates respectively. 
Prey plasmid DNA of positive candidates was isolated and sequenced and the identity of 
the candidate genes was determined by using BLAST search tools (http://old.genedb.org/ 
genedb/pombe/blast.jsp). 
 
 
Yeast two-hybrid screen using Hop1 as bait protein 
First, the cDNA of S. pombe hop1 was amplified using a proof-reading polymerase 
(Bioline) and a meiotic cDNA library (Nojima) as template (see appendix for list of 
primers). The hop1 cDNA fragment was cloned into the shuttle vector pGEM-T 
(Promega), sequenced and an error-free clone was cut out. This fragment was cloned in 
frame to the designated bait plasmid pAS1 (Tanaka). The pAS1-hop1 plasmid was 
amplified in bacteria, isolated and checked for correct integration of the cDNA fragment by 
restriction analysis. 
The S. cerevisiae PJ96-4A strain was transformed with the pAS1-hop1 plasmid and plated 
on YSD-W plates to select for positive candidates carrying the bait plasmid. Growing 
transformants were restreaked sparingly to give rise to visible single colonies. Single 
colonies were then chosen as putative bait strains, but had to be checked for correct 
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expression of the Hop1 bait protein. The expression of Hop1 was monitored by SDS-
PAGE and Western blot analysis. 
 
The S. cerevisiae bait strain AEY491 was transformed with the meiotic yeast two-hybrid 
cDNA library. Single colonies growing after transformation were streaked freshly onto 
YSD-L-W medium. Then the strains were streaked out freshly onto YSD-L-W-ade plates 
to screen for possible interactions between the bait and the prey that would allow cells to 
grow under selective condition. Strains that were able to grow in the absence of adenine, 
were then freshly inoculated from the YSD-L-W plate in 5 ml of liquid YSD-L for growth 
under partial selection. In the presence of tryptophane, cells weren’t forced to keep the 
plasmid which carries the TRP1 gene and while growing over night, the bait plasmid was 
gradually lost. Thus, the probability to isolate prey plasmid DNA was enhanced. Genomic 
DNA of the candidates was isolated and then transformed into E. coli DH5α cells. 
Bacterial transformants were checked by restriction analysis for the identity of the present 
plasmid. Bacterial cultures carrying the bait plasmid were discarded and only the isolated 
plasmid DNA confirmed to contain a prey plasmid was chosen for individual 
retransformation into the original S. cerevisiae AEY491 bait strain. After transformation, 
single colonies growing on YSD-L-W were streaked out freshly to assure the presence of 
both plasmids. Cells were then streaked out sparingly onto YSD-L-W-H and YSD-L-W-
ade, respectively. Growth of visible single colonies on both selection media indicated true 
interactions between proteins of the bait and the prey plasmid. Prey plasmid DNA was 
sequenced and the identity of the candidate genes was determined by using BLAST 
search tools. 
 
 
4.1.8 Yeast two-hybrid assays 
The cDNA of the candidate genes was amplified by PCR using a proofreading polymerase 
and a cDNA library as template. The PCR products were purified and cloned into a shuttle 
vector (pJET1.2/blunt, Fermentas). The constructs were then sequenced using primers 
provided by the manufacturer. Sequences were analyzed by using BLAST search tools 
and by comparison to published data (http://old.genedb.org/genedb/pombe/). 
The error free cDNAs were then cut out and cloned in frame to the desired assay vectors 
pGBKT7 and pGADT7 (MatchmakerTMGAL4 Two-Hybrid System 3, Clontech). The 
resulting constructs were amplified in bacteria, isolated and checked for the correct 
integration of the fragments by restriction analysis (see appendix for vector maps). Then 
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the plasmids were transformed into S. cerevisiae strains Y187 and AH109, respectively 
(MatchmakerTMGAL4 Two-Hybrid System 3, Clontech). 
 
Haploid strains of opposite mating types (a and α), carrying the bait plasmid with the Gal4 
binding domain and the prey plasmid with the Gal4 activation domain were mixed at equal 
amounts on YPDA plates and incubated for 24 hrs at 30°C for mating. A small amount of 
mated cells was streaked onto YSD-L-W plates and incubated at 30°C for 3-4 days to 
select for the growth of single diploid colonies. One single colony of each diploid strain 
was chosen, streaked out freshly on YSD-L-W and further incubated for 24 hrs. 
Each diploid strain was then grown until saturation in 3 ml of YSD-L-W, starting from a 
small amount for inoculation (3-4 days at 30°C under shaking conditions). Then the cell 
density was determined by counting cells in a counting chamber (Neubauer). Five 
dilutions of each strain were prepared in steps of 10-1. Aliquots of each dilution were 
transferred onto YSD-L-W, YSD-L-W-ade and YSD-L-W-H plates and incubated at 30°C 
for 3-4 days. 
 
 
 
4.2 Working with DNA 
4.2.1 Polymerase chain reaction (PCR) 
Primers were purchased from Integrated DNA Technologies 
(http://eu.idtdna.com/Home/Home.aspx) and dissolved in dH2O to a final concentration of 
100µM. Reactions generally were mixed in the following composition: 1 µl of template 
DNA, 2 µl of supplied 10x reaction buffer, 0.4 µl dNTPs (10mM), 0.3 µl of each primer and 
0.3 µl polymerase in a total volume of 20 µl. Amplifications for cloning were scaled up and 
performed in a total volume of 50 µl.  
 
 
4.2.2 Crystal violet agarose gel electrophoresis 
Crystal violet agarose gel electrophoresis was performed to allow the cleaning of cloning 
fragments without the danger of introducing mutations by UV light. 
Gels of 0.8- 2% (w/v) agarose in 1xTAE were prepared and Crystal violet was added to a 
final concentration of 1.6 µg/ml. The DNA samples were mixed with Crystal violet loading 
buffer and gels were run at 2-5 V/cm. The DNA fragments could then be seen by eye, as 
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the dye accumulated in the fragments and darkly violet colored bands of DNA were 
visible. 
To elute DNA fragments from agarose gels, the QIAEX II Gel Extraction Kit (Qiagen) or 
alternatively the Wizard® SV Gel and PCR Clean-Up System (Promega) was used. 
 
Crystal violet loading dye 
30%  glycerol 
20mM  EDTA 
100 µg/ml crystal violet 
 
 
4.2.3 Bacterial transformation 
Transformation by electroporation 
Alternatively to standard chemical transformation, E. coli was transformed by 
electroporation. 
To prepare electro-competent E. coli cells, 200 ml of 2xTY medium were inoculated with 
2 ml of a pre-culture. Cells were incubated at 37°C under shaking conditions until 
OD600=0.7 was reached. The culture was cooled on ice and was kept and handled under 
ice-cold conditions from this step on (cooled centrifuge, ice-cold solutions). After 
harvesting the cells by centrifugation for 5 min at 4000 rpm, cells were washed twice with 
dH2O. The culture was centrifuged again and then washed once with 10% glycerol. Cells 
were finally resuspended in 400 µl of 10% glycerol and then stored at -80°C. 
 
Prior to transformation, the desired plasmid DNA was diluted 1:10. For one transformation 
reaction, 40 µl of competent cells were mixed with 1 µl of DNA and transferred to a pre-
cooled 1 mm electroporation cuvette. The following pulse-settings were used to perform 
the transformation: 1.8V voltage, 25µF capacitance, 200Ω resistance (Gene Pulser, Bio-
Rad). 
After pulsing, the cells were taken up in 1 ml of pre-warmed 2xTY medium and incubated 
for 1 hr with gentle shaking. The cells were then harvested by centrifugation, plated on 
2xTY plates containing the appropriate antibiotics for selection and incubated over night at 
37°C. 
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4.2.4 Sequencing 
Sequencing reactions were performed using the BigDye Terminator v3.1 Cycle 
Sequencing Kit (Applied Biosystems). The DNA (150- 300 ng plasmid) was mixed with 
2 µl 2µM sequencing primer, 1.5 µl 2.5x sequencing buffer and 1 µl BigDye and with dH2O 
to a total volume of 10 µl. A PCR reaction was performed using the following parameters: 
initial denaturation for 2 min 95°C, 25 cycles (10 sec 95°C, 5 sec 45°C, 4 min 60°C). 
Sequencing readout was performed with an ABI Prism 377 DNA Sequencer (Applied 
Biosystems) at the Institute of Botany, University of Vienna. 
Software Chromas Lite (Freeware) was used to visualize and process the obtained 
chromatogram files. 
 
 
4.2.5 Isolation of genomic DNA from yeast 
A S. cerevisiae culture was grown for 24 hrs in 5 ml of YSD + required supplements. Cells 
were collected by centrifugation, transferred to a 1.5 ml tube and centrifuged again. All 
excess liquid was removed and cells were stored at -80°C. 
The cell pellet was resuspended in 200 µl of Buffer A and approximately 200 µl of glass 
beads (Sartorius) and 200 µl of PCIA (phenol:chloroform:isoamyl alcohol – 25:24:1) were 
added. The cells were then mixed vigorously by vortexing, 200 µl of 1xTE was added and 
the suspension was mixed again. After spinning for 5 min at 14000 rpm, the aqueous 
phase was transferred to a new tube and 1 ml of 96% EtOH was added. The tube was 
inverted for cautious mixing and then centrifuged for 2 min at 14000 rpm. The supernatant 
was discarded and the pellet was resuspended in 400 µl 1xTE. 10 µl of 4M ammonium 
acetate were added, and after shortly mixing 1 ml of ice-cold 96% EtOH was added. The 
suspension was again shortly mixed and then incubated over night at -20°C for DNA 
precipitation. After spinning at 14000 rpm for 5 min, the supernatant was discarded and 
the DNA pellet was washed with ice-cold 70% EtOH. Then the pellet was dried and the 
DNA was finally resuspended in 1xTE. 
 
Buffer A 
2% Triton X-100 
1% SDS 
0.1M NaCl 
10mM Tris-HCl pH8 
1mM EDTA pH8 
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4.3 Working with proteins 
4.3.1 Preparation of TCA protein extracts 
TCA protein precipitation in yeast 
Approximately 108 cells were collected by centrifugation (5 min at 3000 rpm) and then 
washed with dH2O. After another centrifugation, the supernatant was removed carefully 
and the cells were resuspended in 300 µl of 20% TCA and shortly vortexed. Glass beads 
(Sartorius) were added up to the meniscus of the suspension and the cells were mixed 
vigorously for 10 min. The suspension was recovered and transferred to a new tube. The 
glass beads were washed with 300 µl of 5% TCA and the liquid was again recovered and 
mixed with the first 300 µl. The suspension was then centrifuged for 10 min at 3000 rpm 
and the supernatant was discarded. The remaining protein pellet was resuspended in 50-
200 µl of 1xSDS sample buffer. 
The sample was then boiled for 5 min and centrifuged again at 3000 rpm for 10 min. For 
analysis via SDS-PAGE, aliquots of 5 to 20 µl of the supernatant were used. 
 
TCA protein precipitation in bacteria 
A 50 µl aliquot of a bacterial culture was mixed with 400 µl of ice cold acetone. Then 50 µl 
of 100% TCA were added, the suspension was mixed vigorously and incubated for a 
minimum of 1 hr at -20°C. The sample was then centrifuged at 14000 rpm for 15 min at 
4°C. The supernatant was removed carefully and the pellet was washed once with 500 µl 
of ice cold acetone. After another centrifugation the pellet was resuspended in 30 µl of 
1xSDS sample buffer and processed further as described for protein extraction in yeast. 
 
 
4.3.2 Stripping of Western blot membranes 
The Western blot membrane was washed 3 times for 5 min with 1xTBS-T under gentle 
agitation on a shaking platform. It was then transferred to the stripping solution and 
incubated for 30 min at 60°C under shaking conditions. After washing the membrane twice 
for 10 min in 1xTBS-T, unspecific antibody sites were blocked by incubation with blocking 
solution (3% non-fat milk powder in 1xTBS-T) for 1 hr at room temperature with gentle 
agitation. Standard detection procedures followed. 
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Western blot stripping solution 
3.12 ml1M Tris pH6.8 
10 ml 10% SDS 
350 µl β-Mercaptoethanol 
dH2O added up to 50 ml 
 
 
4.3.3 Auto-induced expression of full-length Mug20 protein in bacteria 
In this method, a buffered medium, which contains a mixture of carbon sources is used 
and enables protein expression in bacteria without the need of adding inducers to the 
culture. 
The cDNA of mug20 was amplified by PCR using a proofreading polymerase (Bioline). 
The primers were designed to amplify the sequence including the STOP-codon but 
without the START-codon and to add restriction sites. The fragment was sequenced and 
cloned into the expression vector pRSFDuet-1 (Novagen), which puts a 6xHIS-tag at the 
N-terminus of the insert. After amplification in E. coli DH5α cells the plasmid was 
transformed to the E. coli RosettaTM (DE3)pLysS (Novagen) over-expression strain. 
One colony from a freshly grown culture was chosen to inoculate the starting culture in 4 
ml of ZYP-0.8G. The culture was incubated at 37°C for 4-6 hrs until it was turbid but not 
saturated. Six liters of ZYP 50x5052 media were prepared, then inoculated with the 
starting culture (1:2000) and grown over night at 37°C. 
On the next day, the culture was centrifuged for 20 min at 4°C and 4500 rpm in several 
rounds to harvest all bacteria. After the last centrifugation, pellets were resuspended in 
small amounts of supernatant liquid and transferred in equal amounts to four 50 ml tubes. 
These were respun, the supernatant was removed carefully and the pellets were weighted 
to allow correct volume estimations for the addition of solutions in later procedures. The 
cell pellets were then stored at -20°C. 
 
 
4.3.4 Affinity purification and protein refolding on column 
Affinity purification of 6xHIS-Mug20 
The frozen cell pellet of the over-expression culture was thawed on ice for 30 min and 
then frozen again for a minimum of one hour. After thawing again CB buffer containing 
protease inhibitors (complete mini without EDTA, Roche) was added to a final volume of 
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50 ml (≙1:5 pellet to buffer ratio). The suspension was sonicated 4 times for 10 min using 
6x pulse and 40% of power (Bandelin Sonoplus GM2070) and it was left to cool down on 
ice for 10 min between each round of sonication. The suspension was mixed vigorously 
between sonications, and it was taken care to achieve complete solution of the pellet. 
After sonication, the suspension was centrifuged for 20 min at 4°C at 20.000 rpm. The 
level of over-expression and the solubility of the fusion-protein were examined by SDS-
PAGE followed by Coomassie staining. 
The 6xHIS-Mug20 protein was not soluble under these conditions (see results), and it was 
therefore necessary to treat the pellet with a chaotrope to enable further experimental 
steps. The pellet, which had been obtained after centrifuging the sonicated suspension, 
was transferred to 50 ml tubes. The pellet was weighed and 3 times this amount of 
chaotrope solution was added (6M guanidine hydrochloride or 8M urea in CB). To achieve 
complete resuspension of the pellet, it was stirred vigorously over night at room 
temperature. Then it was centrifuged at room temperature at 20000 rpm for a minimum of 
40 min. The resulting supernatant - the protein solution - was processed further (see 
protein refolding). 
 
 
Mug20 protein refolding on column 
The here described method is based on Oganesyan et al. (2005). 
For equilibration, 5 ml of Ni-NTA bead resin (UNOsphere, Bio-Rad) were washed twice 
with 10 volumes of the protein isolation buffer, but with decreased molarities of the 
chaotrope reagent (5M guanidine hydrochloride or 6M urea in CB buffer). The beads were 
centrifuged each time for 5 min at 500xg and let stand for some minutes to allow the resin 
to sediment. Meanwhile, the molarity of the chaotrope reagent was decreased in the 
protein solution by dilution with CB buffer to reach the same molarity. Then the beads 
were added to the protein solution, brought to a final volume of 50 ml using CB isolation 
buffer plus chaotrope reagent and incubated over night at room temperature on a top-over 
wheel. 
The incubated beads were centrifuged for 5 min at 500xg and then washed with 50 ml of 
protein isolation buffer. Another centrifugation followed and the beads were again allowed 
to sediment. Approximately 40 ml of the supernatant were removed and the beads were 
elutriated in the remaining buffer. The suspension was carefully transferred onto a PD-10 
column (Amersham) and the resin was left to sediment again.  
The following procedures were then performed at 4°C. When the beads had settled, 10 
column volumes (100 ml) of the protein isolation buffer were used for careful washing.  
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The buffer was slowly added step-wise on to the column avoiding any suspension of the 
beads and therefore allowing efficient washing. Then the beads were washed with 20 
column volumes of detergent solution to replace the chaotrope. The flow-rate was 
decreased and a refolding step was performed by washing the beads with 20 column 
volumes of refolding solution. A final washing with 20 column volumes of CB buffer 
followed. To elute the protein, the resin was washed four times with 5 ml of elution buffer, 
collecting each elution fraction separately. 
 
Consensus Buffer (CB) 
1.054 g KH2PO4 
34.4 g  Na2HPO4 
146.1 g NaCl 
575 ml  87% glycerol 
0.5 ml  NP-40 
0.7 ml  β-mercaptoethanol 
5L dH2O added, filter sterilization 
 
Chaotrope Solution 
6M guanidine hydrochloride in CB 
or 
8M urea in CB 
 
Detergent 
0.1% Triton X-100 in CB 
 
Refolding Solution 
5mM β- cyclohexamide in CB 
 
Elution Solution 
0.8M imidazol in CB 
pH 8 adjusted with HCl 
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5 RESULTS 
 
5.1 Yeast two-hybrid screen to identify interaction partners of Rec10 
 
A Y2H screen searching for interaction partners of the LinE protein Rec10 was initially 
started in the lab by Mario Spirek (M.S.). Construction of the bait strain MSY466 and 
transformation of this strain with the prey yeast two-hybrid cDNA library (Nojima) was 
done by M.S. This first screen identified known interactors - Hop1 and Rec25 (Davis et al., 
2008; Lorenz et al., 2004) - and discovered two new players - Pli1 and SPCC24B10.11c 
(Spirek et al., 2010). However, it was performed not reaching saturation and the screen 
was therefore repeated from the step of transforming the cDNA library into the bait strain. 
To avoid double identification of already confirmed interaction partners from the initial 
screen, all candidates obtained after transformation were checked by PCR for the 
presence of the genes hop1, rec25, pli1 and SPCC24B10.11c. Out of 328 initial 
candidates, 269 strains did not contain any of the already described interaction partners of 
Rec10. Each of the known partners was identified in at least 4 candidates, with rec25 
being the most prominent as it was identified in 45 candidates.  
The plasmid DNA of the remaining candidates was individually retransformed into the 
original bait strain MSY466. Transformants carrying both plasmids were then streaked out 
sparingly onto YSD-L-W-ade and YSD-L-W-H plates to select for direct interaction 
between bait and prey proteins. Unfortunately no strain was growing under these 
conditions, and none of the remaining candidates showed interaction between the bait 
protein Rec10 and a potential protein of the cDNA library (Figure 5.1 B and D). To verify, 
whether interaction between proteins was in any way disturbed, plasmid DNA of 
candidates shown to carry genes hop1 and pli1 was transformed to serve as a positive 
controls. Strains resulting from these transformations were able to grow under restrictive 
conditions and single colonies were formed by each of these strains on YSD-L-W-ade and 
on YSD-L-W-H medium, indicating that the screen had been performed functionally 
(Figure 5.1.1A and C). 
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Figure 5.1.1: Potential yeast two-hybrid candidate strains streaked onto selective media. (A) Only candidate 
strains carrying plasmids of known interaction partners hop1 and pli1 were growing on selective media YSD-L-
W-ade and (C) YSD-L-W-H. (B/D) potential candidate strains streaked onto YSD-L-W-ade and YSD-L-W-H 
plates, respectively. No growth of any new candidate was observed under selective conditions. 
 
 
 
5.2 Yeast two-hybrid screen to identify interaction partners of Hop1 
 
A second yeast two-hybrid screen was performed, to find new proteins that contribute to 
the LinE protein complex. S. pombe’s Hop1 was used as bait protein to identify potential 
interaction partners. It is a homolog to S. cerevisiae’s Hop1 and it was shown cytologically 
that Hop1 colocalizes with LinE structures in S. pombe (Lorenz et al., 2004). 
In the process of constructing the bait construct, the cloned cDNA sequence of Hop1 was 
found to be different from that published (Wood et al., 2002) 
(http://old.genedb.org/genedb/Search?name=hop1&organism=pombe&desc=yes&wildcar
d=yes). At approximately 400 bp of the cDNA a fragment was found to be present, which 
was missing in the published sequence. In the same area, a novel intronic sequence was 
found (see appendix for alignment of sequences). 
Hop1 cDNA was cloned into the desired yeast two-hybrid bait plasmid pAS1 and then 
transformed into the S. cerevisiae PJ69-4A strain to result in the bait strain AEY491. 
 
A protein extract from the bait strain was analyzed by SDS-PAGE and Western blotting to 
determine if the bait protein was expressed. 
Successful protein expression was confirmed using an antibody against the HA-tag of the 
bait fusion-protein. A specific signal was detected which corresponded to the calculated 
size of the Hop1 fusion-protein with HA-tag and Gal4 binding domain contributed from the 
pAS1 plasmid (61.5 kDa + 3.6k Da + 16.9k Da). A protein extract of the S. cerevisiae 
strain MSY466, which carries the pAS1-Rec10 plasmid, was used as positive control. 
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No signal was detected in extracts of a S. cerevisiae strain carrying the empty pAS1 
plasmid (Figure 5.2.1). 
 
 
Figure 5.2.1: Western blot analysis to confirm the expression of Hop1 
in the bait strain. (I) Protein extract of the S. cerevisiae bait strain 
carrying the pAS1-hop1 plasmid. Signal corresponds to calculated size 
of the Hop1 fusion-protein (82 kDa). (II) Positive control using a protein 
extract of the S. cerevisiae pAS1-Rec10 strain (used in yeast two-
hybrid screen described in section 5.1). Size of the signal matches calculated protein size of 110 kDa. (III) 
Extract of the S. cerevisiae strain which carries the empty bait plasmid pAS1. No specific signal was detected 
in this protein extract. 
 
After transforming the meiotic yeast two-hybrid cDNA library (Nojima) into the bait strain 
AEY491, 706 candidates were obtained by growth on YSD-L-W plates. For cursory 
screening all candidates were streaked freshly onto YSD-L-W-ade plates. 79 candidates 
were found to be growing under these restrictive conditions. Genomic DNA of the 79 yeast 
strains was isolated and then transformed into bacteria for amplification. Plasmid DNA 
was analyzed by restriction digest and prey plasmid DNA was chosen and individually 
retransformed into the original yeast bait strain AEY491. Out of the 79 possible candidates 
all were growing on YSD-L-W, confirming the presence of the prey and the bait plasmid in 
the retransformed strains. However, when streaked onto YSD-L-W-ade and YSD-L-W-H, 
to verify interaction of prey and bait proteins, not a single positive candidate could be 
obtained. Therefore, no new interaction partner for the Hop1 bait protein could be found 
(Figure 5.2.2). 
 
 
 
 
Figure 5.2.2: Y2H screen to identify interaction partners of Hop1. (A) Candidates were obtained in the first 
screening by growing on YSD-L-W-ade plates. (B/C) No growth of strains after retransformation of prey 
plasmids on YSD-L-W-H plates or YSD-L-W-ade plates, respectively. 
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5.3 Detection and characterization of Mug20 
 
Another attempt to investigate the LinE complex was the TAP-tagging of the protein 
Rec10 followed by a pull down of the Rec10 protein complex performed by M.S. This was 
complex was then analyzed by mass spectrometric analysis (Spirek et al., 2010). This 
attempt confirmed again the interaction of Rec10 with the known LinE proteins Hop1 and 
Rec25 and also with Rec27. Interestingly, a novel putative interaction partner of Rec10 
was found: the gene SPBC36B7.06c encoding the protein Mug20. 
This protein is known to be upregulated during meiosis (http://www.bahlerlab.info/cgi-
bin/SPGE/geexview?group=2&scale=linear&scale_auto=on&q=SPBC36B7.06c). In earlier 
studies, where meiotically upregulated genes were studied and screened for phenotypes 
in sporulation efficiency and chromosome segregation, mug20 was described as not 
showing an apparent phenotype (Gregan et al., 2005; Martín-Castellanos et al., 2005). 
The gene was not studied further and it is listed as a sequence orphan 
(http://old.genedb.org/genedb/Search?name=SPBC36B7.06c&organism=pombe&desc=y
es&wildcard=yes). 
The prominent presence of Mug20 in the analyzed Rec10 protein complex pull-down 
(Spirek et al., 2010) and its upregulation during meiosis made it a promising new 
candidate to be studied. During this study, several approaches were taken to investigate 
the nuclear localization of the protein and to study its deletion phenotype. 
 
 
5.3.1 Tagging of Mug20 
To create a tool for cytological studies of Mug20, haploid strains carrying a GFP-tagged 
version of Mug20 were constructed with the transformation based approach (see 
materials and methods for details and appendix for list of primers). 
The C-terminal region of the genomic sequence of mug20 was amplified, sequenced and 
cloned into the tagging vector pSMRG2+. Then the vector was linearized and transformed 
into yeast. 
Haploid fusion-tagged strains were mated and propagated as stable diploids under 
restrictive conditions. Meiotic time-course experiments were carried out and protein 
precipitations and nuclear spreads were produced from hourly time-points. Additionally, 
hourly DAPI samples were prepared and evaluated to follow progression through meiosis. 
After induction of meiosis by transferring cells to sporulation medium, characteristic 
frequencies of cells containing 1, 2 or 4 nuclei, and cells containing horsetail nuclei, can 
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be observed (Figure 5.3.1). One hour after successful induction of meiosis, a 
characteristic peak of two-nucleic cells was observed, which indicates that most of the 
cells have finished the last mitotic division, and which represents a criterion for estimating 
the grade and level of synchronicity in the sporulating culture. Seven hours after induction 
of meisois, horsetail nuclei were reaching a maximum of nearly 30%. Ten hours after 
induction, nearly 80% of cells have finished meiosis and formed asci containing 4 spores. 
After 24 hours nearly all cells have formed asci. Residual numbers of single nucleic cells 
were observed, these represent the fraction of cells which did not undergo meiosis. 
 
 
 
 
Figure 5.3.1: Frequency curves for the different classes of cells over time-course experiments. Cells 
containing 2 nuclei and asci containing spores were totaled and are represented in one curve (>1n). The clear 
peak of cells containing more than 1 nucleus 1 hour after induction of meiosis is a characteristic criterion for 
synchronized induction of meiosis, as more than 50% of the cells finish their last mitotic division before starting 
meiosis. Horsetail nuclei (ht) peak at 6 to 7h. After 10 hours in sporulation medium, more than 70% of the cells 
have finished meiosis forming asci which contain 4 spores and after 24 hours nearly 100% of the cells have 
completed meiosis. Progression through meiosis was normal in the Mug20-GFP strain. 
 
Western blot analysis was performed to investigate the expression of Mug20-GFP during 
a meiotic time-course. At the starting time-point, when sporulation of the culture was 
induced, a very small amount of Mug20-GFP was present in the cells. The signal of 
Mug20-GFP continuously increased while cells underwent meiosis. At 6 hours a 
preliminary maximum was reached. Mug20-GFP was still present in the protein samples 
at 10 hours after induction of meiosis, when nearly 80% of cells had completed meiosis 
(Figure 5.3.1). A negative control, time-point 5 hrs of a meiotic time-course experiment 
using an un-tagged wild type strain, was used to confirm that the detected signals were 
specific for the interaction of the antibody with its target epitope (Figure 5.3.2). 
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Figure 5.3.2: Western blot analysis to investigate 
expression of Mug20-GFP during meiosis. Protein 
samples were taken in hourly intervals during a 
meiotic time-course experiment. Mug20-GFP was 
detected using an antibody against the fusion-tag. 
The signals corresponded to the calculated size of the Mug20-GFP fusion-protein (47 kDa). UT marks the un-
tagged negative control, a 5 hr sample of a meiotic time-course in a wild-type strain. No specific signal was 
detectable in this sample. Western blot analysis was performed on samples of 3 individual time-course 
experiments and results were comparable for all experiments. 
 
The unexpected persistence of the Mug20-GFP signal in Western blot analysis compared 
to the progression of cells through meiosis, and to the monitored appearances of 
cytological signals (see below), led to the decision to construct strains carrying differently 
tagged versions of the Mug20 protein since the GFP-tag might change the stability of the 
protein in vivo. 
Haploid strains carrying a 13xMYC-tagged Mug20 and haploid strains carrying a 3xHA-
tagged version of the protein were constructed with the transformation based approach.  
The C-terminal region of mug20 was amplified from genomic DNA and primers were 
extended with restriction sites and linker sequences. The fragments were sequenced and 
cloned into the tag vectors pFA6-13xMYC and pFA6-3xHA, respectively. For homologous 
integration of the tagging constructs, the plasmids were linearized using the unique 
restriction site.  
 
Meiotic time-course experiments were performed to produce TCA protein samples and 
nuclear spreads. Western blot analysis was performed and membranes were incubated 
using antibodies against the MYC and HA epitopes, respectively. Signals for any of the 
differently tagged versions of the Mug20 protein could not be obtained. Positive controls 
used in the same experiments ensured that Western blot analysis was performed 
successfully. The same was true for cytological analysis of nuclear spreads. No visual 
immuno-fluorescent signals of both the Mug20-13xMYC fusion-protein and the Mug20-
3xHA fusion-protein were present. 
 
 
5.3.2 The nuclear localization of Mug20 in the wild type 
Nuclear spreads of different time-points throughout meiotic time-course experiments were 
fluorescence immunostained to localize Mug20-GFP in the wild type. A combination of 
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antibodies raised against the LinE component Rec10 and against the GFP fusion-tag was 
used to analyze the localization of Mug20 together with LinE structures. 
Mug20-GFP signals were found during all stages of LinE formation and development. 
Signals of Mug20-GFP and Rec10 were found to colocalize completely (Figure 5.3.3). 
 
 
 
Figure 5.3.3: Mug20-GFP localization in the wild type. Signals of Mug20-GFP and Rec10 were found to 
colocalize completely. Mug20-GFP was found to colocalize with Rec10 in all classes of LinEs: dots, threads, 
networks and bundles (from top to bottom). The most right column displays merged images of the single 
channel pictures in false colors. Size bar indicates 5µm. 
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Western blot analysis had indicated stable levels of Mug20-GFP in cells at later stages in 
meiosis. However, Mug20-GFP signals were absent in nuclear spreads of late time-points 
9 and 10 hours after induction of meiosis. 
 
 
5.3.3 The nuclear localization of Mug20 in different mutant backgrounds 
The localization of Mug20 was studied in different mutant backgrounds to investigate the 
dependency of Mug20 localization on meiotic key events. 
Haploid mutant strains defective in cohesion (rec8Δ), in LinE development (rec10Δ) or in 
the formation of meiotic DSBs (rec12Δ) were transformed with the Mug20-GFP tagging-
construct. 
Haploids were mated and meiotic time-course experiments were performed to produce 
nuclear spreads for fluorescence immunostaining. Slides were stained using antibodies 
raised against the LinE component Rec10 and against the GFP-tag of the Mug20 fusion 
protein. 
 
In the cohesion mutant rec8Δ, which forms only short and residual tracks of LinEs (Lorenz 
et al., 2004; Molnar et al., 1995), Mug20-GFP was found to colocalize with these Rec10 
structures. No signals of Mug20-GFP were found beside those accompanying the signals 
of Rec10 (Figure 5.3.4). 
In the rec10Δ strain, which does not form LinE structures (Lorenz et al., 2006), no Mug20-
GFP signal was localizing to the nucleus in this mutant background (Figure 5.3.4). 
The formation of LinEs does not depend on the formation of meiotic DSBs, since wild-type 
structures can be found in the rec12Δ strain (Lin and Smith, 1994; Lorenz et al., 2006). 
Mug20-GFP was found to colocalize with the wild-type LinE structures in the rec12Δ strain 
(Figure 5.3.4). 
 
The truncation mutant rec10-155 does not form visual LinE structures, but significant 
levels of recombination can still be found (Lorenz et al., 2006; Molnar et al., 2003; Wells et 
al., 2006). To investigate whether Mug20-GFP localization depends on the formation of 
LinE structures or only needs a partially functional Rec10 protein, rec10-155 strains 
carrying the GFP-tagged version of Mug20 were constructed and studied. 
Neither distinct structural signals nor diffuse nuclear localization of the Mug20-GFP 
protein could be detected in this mutant (Figure 5.3.4). 
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Figure 5.3.4: Mug20-GFP localization in different mutant backgrounds. Signals of Mug20-GFP and Rec10 
were found to colocalize in the rec8Δ mutant, which forms only rudimentary LinEs. Mug20-GFP and Rec10 
localization in the rec8Δ strain. No Mug20-GFP signals in the rec10 deletion strain and in the rec10-155 
truncation mutant. Both mutants do not form LinEs. Mug20-GFP and Rec10 signals were colocalizing in the 
rec12Δ strain, which forms normal LinEs. Size bar indicates 5µm. 
 
Results 
60 
 
5.3.4 Expression and purification of Mug20 
To allow direct detection and localization of Mug20, it was planned to raise an antibody 
against the protein. For this purpose, the protein had to be expressed ectopically, isolated 
and purified and then send to a commercial provider for antibody production. 
 
The first steps were the amplification of the mug20 cDNA and the cloning into the 
expression vector pRSF-Duet1 as described in materials and methods. In the course of 
plasmid construction it was found that the obtained sequence differed from published 
sequence for mug20. (http://old.genedb.org/genedb/Search?organism=pombe&name= 
SPBC36B7.06c&isid=true). At approximately 400 bp of the cDNA sequence a novel 
intronic sequence was found (see appendix for alignment of sequences). 
The expression vector was transformed into the bacterial over-expression strain and the 
protocol for auto induced protein expression was performed (see materials and methods).  
The culture was harvested by centrifugation and stored in different aliquots at -20°C for 
further processing. Auto-induced over-expression of the Mug20 protein was monitored by 
SDS-PAGE. Samples of the bacterial culture were taken before and after the supposed 
induction and over-expression could be monitored by coomassie brilliant blue staining of 
the SDS gel. A protein-band of approximately 20 kDa was clearly stronger after auto-
induction, allowing the conclusion that Mug20, with a published protein size of 19.2 kDA 
(http://old.genedb.org/genedb/Search?organism=pombe&name=SPBC36B7.06c&isid=tru
e) was successfully over-expressed in the bacterial culture (Figure 5.3.5 A). 
When analyzing the samples of the experimental steps of protein expression and isolation 
by SDS-PAGE it was found that the 6xHIS-Mug20 fusion protein was not soluble under 
these conditions. The signal of the protein band, which had been assigned to the over-
expressed protein, was present in the non-soluble pellet, which had been obtained after 
sonication and centrifugation (Figure 5.3.5B). 
 
Figure 5.3.5: Coomassie stained SDS 
gels to monitor over-expression and 
isolation of 6xHIS-Mug20 in samples 
taken at different working steps. A) 
Total cell extract before (b) and after 
(a) the auto-induced protein 
expression. The arrowhead points at 
signal of over-expressed protein at 
approx. 20 kDa. B) Samples taken 
after sonication (I) and after 
centrifugation and separation into 
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soluble (II) and non-soluble (III) fractions (total cell extracts before (b) and after (a) over-expression). The 
arrowhead points at signal of over-expressed protein present in the non-soluble fraction. 
 
Hence, the Mug20 protein had to be isolated from the non-soluble pellet to allow 
purification and pull-down using the N-terminally fused HIS-tag. For this purpose, the 
pellet was treated with chaotrope guanine hydrochloride (6M). The protocol for protein 
purification, refolding on beads and eluting from the affinity matrix was subsequently 
performed (see materials and methods). Protein samples were taken from each working 
step and analyzed by SDS PAGE to monitor the success of each stage of the experiment. 
 
The Mug20 protein could successfully be isolated from the non-soluble fraction by 
treatment with a chaotrope and it was bound effectively to the Ni-beads (Figure 5.3.6). 
Washing and refolding steps did not interfere with the binding of the protein to the affinity-
matrix – samples of all fractions appeared clear and free of proteins. Unfortunately, elution 
of the refolded Mug20 protein was not possible. The elution fraction appeared as clean 
and free of proteins as the washing steps before. When the beads were boiled in a small 
amount of consensus buffer, a prominent signal was found at the size of approximately 
20 kDa representing the Mug20 protein which had still been bound to the Ni-beads (Figure 
5.3.6). 
 
 
Figure 5.3.6: Coomassie stained SDS 
gel monitoring the working steps of 
purification, refolding and elution of the 
6xHIS-Mug20 protein. Total cell 
extract before (b) and after (a) auto-
induced over-expression. Soluble 
supernatant (I) and non-soluble pellet 
(II) after centrifugation of sonicated 
cells. (III) Lysate after treatment with 
chaotrope solution shows a prominent 
protein band at 20 kDa. 
(IV) Supernatant after incubation with 
Ni-beads shows clear reduction of 
6xHIS-Mug20 protein amount, indicating successful binding of the fusion protein to the affinity matrix (white 
arrowhead). (V-VII) Samples of the flow through after washing and refolding steps. (E1-E4) Samples of elution 
fractions which were collected as individual aliquots. The 6xHIS-Mug20 could not be eluted from the Ni-resin. 
(B) Ni-beads were boiled in a small amount of consensus buffer. The fusion protein was eluted from the 
affinity matrix by this treatment (black arrowhead). 
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The experiment was repeated using a different chaotrope reagent (8M urea in CB) to 
overcome eventual interference of one or the other chaotrope with refolding or elution of 
6xHIS-Mug20. However, changing this parameter did not have a positive effect on the 
elution of the protein - it was not possible to elute 6xHIS-Mug20 from the Ni-bead resin. 
Another approach taken to elute the protein was to incubate the Ni-beads in elution or in 
consensus buffer at different rather mild temperatures (30-70°C) with cautious shaking. 
Still it was not possible to elute the protein at lower temperatures, only subjecting the 
beads to temperatures between 90°C and 100°C led to the successful release of the 
6xHIS-Mug20 fusion protein from the affinity-matrix (see discussion for further details). 
Due to these results, it was decided to obtain a commercially produced peptide antibody 
for future experiments. 
 
 
 
5.4 The mug20Δ phenotype 
 
To study the function of Mug20, the effects of its absence were investigated. Haploid 
mug20 deletion strains of opposite mating types carrying complementing ade6 alleles 
were constructed in which the ORF of the gene was replaced by the natMX6 marker gene 
introducing resistance to nourseothricin (details see materials and methods). These were 
mated and propagated as stable diploids by growing the cells without adenine. However, 
diploid cells could not be grown for longer time periods, as it turned out that sporulation 
efficiency dramatically dropped and was lost when cells were propagated in preparation 
for a wild-type time-course experiment. Minor deficiencies accumulating during mitotic 
growth of the diploid cells might interfere with the ability to undergo meiosis. No growth 
defect was observed in the propagation of haploid cells. To overcome this problem, 
mug20 deletion strains in a pat1-114 background were constructed. To monitor meiosis in 
diploid cells, the haploid cells were mated and propagated as shortly as possible in the 
diploid stage before performing time-course experiments. 
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5.4.1 Spore viability in the absence of Mug20 
The impact of the deletion of mug20 on spore viability was studied by tetrad dissection. 
Haploid deletion strains of opposite mating types were mated and tetrads were dissected. 
The numbers of total viable spores and the numbers of viable spores per tetrad were 
assayed to evaluate spore viability and possible effects on chromosome segregation 
during meiosis I.  
Spore viability in the mug20Δ was reduced by 20% to 72% viability compared to the wild 
type, where 90% of all spores were viable. Three individual crosses were performed with 
a total of 150 tetrads dissected. (Figure 5.4.1). 
 
Figure 5.4.1: Spore viability in the wild type and 
the mug20Δ strain. Spore viability was tested in 3 
individual experiments. 150 tetrads were 
dissected and analyzed in total per genotype. 
Bars indicate standard deviation. Statistical 
significance was assayed with a two-tailed 
Student’s t-test and gave a value of P<0.05. 
 
 
 
 
To investigate whether the deletion of mug20 would affect chromosome segregation, it 
was evaluated how many spores per tetrad were viable. A defect in segregation would be 
monitored by a bias towards a 2:2 rate of viable and dead spores per tetrad. 
Ratios of viable spores per tetrad were altered in the mug20Δ mutant, but a dramatic 
increase in tetrads containing 2 viable and 2 dead spores could not be detected. 
Frequencies of tetrads containing less than 4 viable spores were increased and less 
tetrads containing 4 viable spores were found in the mutant strain(Table 5.4.1). 
 
Table 5.4.1: Pro rata 
distribution of viable spores per 
tetrad. 150 tetrads of each 
genotype were dissected 
during 3 individual 
experiments. No dramatic 
increase of tetrads containing 2 viable spores was observed in the mug20Δ strain. 
viable spores per tetrad 4 3 2 1 0 
WT % 82.3 13.5 4.2 0 0 
mug20Δ % 48.9 22.6 15.8 3.0 9.8 
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5.4.2 Linear Element formation in the absence of Mug20 
Nuclear spreads of the mug20Δ strain were immunostained using an antibody raised 
against the LinE component Rec10. 
LinE structures were found in the mutant strain (Figure 5.4.3). However, LinE formation 
was considerably disturbed compared to the wild type (Figure 5.4.2). Only the classes 
attributed to early stages of LinE development were found. Nuclei with dots and short 
threads of Rec10 structures were found, but the class of elongated threads forming 
interconnected networks (Figure 5.4.2) was missing in the mutant strain. However, LinE 
bundles, which are attributed to late and only transient stage of LinE development, were 
present in the mug20 deletion strain (Figure 5.4.3). 
 
 
 
Figure 5.4.2: LinE formation in the wild type pat1-114 strain. Different classes (dots/ threads/ networks/ 
bundles) of LinEs were found. These classes display the progress of LinE formation (Bähler et al., 1993). 
Nuclear spreads were immunostained against the LinE protein Rec10. Size bar indicates 5µm. 
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Figure 5.4.3: LinE formation in the mug20Δ pat1-114 strain. Nuclear spreads were immunostained using an 
antibody raised against Rec10. Only nuclei with dots or short threads of LinEs were found. No elongated 
structures or interconnected networks were formed. The class of LinE bundles was present in the mug20Δ 
pat1-114 strain. Size bar indicates 5µm. 
 
Additionally, the frequencies of LinE classes were compared. LinE dots were formed in 
similar levels and with similar temporal dynamics in both mug20Δ and wild type strains. 
However, the number of nuclei displaying this class of LinEs was higher in the mutant 
strain at later time-points. The class of LinE networks, where elongated threads are found 
as interconnected structures, was absent in the mug20Δ strain. This class of LinEs 
becomes dominant during meiosis in the wild type and represents the stage of maximal 
expansion of LinEs. The summarized number of nuclei displaying short LinE treads and 
LinE networks in the wild type was found to represent the number of nuclei in the mutant 
strain displaying LinE threads only. The class of LinE bundles was found to be wild-type in 
levels and temporal occurrence in the mug20 deletion strain (Figure 5.4.4). 
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Figure 5.4.4: The proportion of the different LinE classes observed during meiosis in the wild type pat1-114 
strain and the mug20Δ pat1-114 strain. Compared to the wild type, LinE formation started normally in the 
mug20Δ mutant. Early LinE classes (dots and threads) were found at similar levels at early time-points in both 
the wild type and the mug20 deletion strain. The class of elongated and interconnected LinE networks was 
missing in the mutant strain. Instead, dramatically increased numbers of nuclei displaying LinE threads were 
found in the mug20Δ strain. LinE bundles were found at similar levels in the wild type and the mug20 deletion 
strain. The graphs summarize data from 2 individual time-course experiments with 200 stained nuclei 
evaluated per time-point. 
 
 
LinE length in the mug20Δ mutant 
To assess the degree of shortening of the LinE structures in the mug20 deletion strain 
compared to wild-type LinEs, nuclear spreads were fluorescence immunostained against 
Rec10. Pictures of LinE structures were taken and length measurements using software 
ImageJ (NIH, open source) were performed (Figure 5.4.5). 20 nuclei of each genotype 
were analyzed and evaluated. 
 
Figure 5.4.5: LinE length 
measurements in the 
wild type and in mug20Δ. 
LinEs were followed with 
the “segmented line” tool 
of ImageJ (dotted line 
along one LinE thread in 
each nucleus). For foci, 
the diameter was 
measured. Lengths were 
measured in pixel and 
then converted into µm. 
Size bar indicates 5µm. 
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The mean total length of LinEs per nucleus was 2.5-fold decreased in the mug20 deletion 
strain compared to the wild type. The same range of shortening was found when 
comparing the longest individual LinE structures detected in single nuclei of each 
genotype (Table 5.4.2). 
 
 mean length of total 
LinEs/nucleus [µm] 
 mean length of maximal 
LinE/nucleus [µm] 
 
WT 25.5 ±3.1  2.9 ±0.8  
mug20Δ 10.1 ±1.9 (2.5) 1.2 ±0.4 (2.3) 
 
Table 5.4.2: LinE length measurements in the wild type and in mug20Δ strain. Numbers are arithmetical mean 
±SD. Numbers in brackets indicate n-fold reduction compared to the wild type. Statistical relevance was 
assayed with a two-tailed Student’s t-test and gave a value of P<0.001.  
 
 
Localization of Hop1 in the absence of Mug20 
In addition to studying the localization of the essential LinE component Rec10 in 
dependency of Mug20, it was also investigated, whether Mug20 influences the nuclear 
localization of the LinE component Hop1 (Lorenz et al., 2004). 
Nuclear spreads were immunostained using antibodies raised against Rec10 and Hop1. 
In the wild type, Hop1 signals delineated in a slightly fragmented manner the Rec10 LinE 
structures. In the mug20Δ mutant strain, Hop1 delineated dots and short tracks in the 
nucleus. The pattern was identical to Rec10 localization. 
 
 
Figure 5.4.6: Hop1 structures in the wild type and the mug20Δ strain. The fragmented structures delineated by 
Hop1 were following those occupied by Rec10 in both the wild type and the mutant strain. Size bar indicates 
5µm. 
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5.4.3 Recombination in the mug20Δ mutant 
To study frequencies of recombination events in the mug20 deletion strain, haploid marker 
strains carrying different auxotrophies were transformed with the mug20 knockout 
construct (see schematic illustration in figure 4.1.1 and appendix for strain list). 
 
 
 
Figure 5.4.7: Schematic illustration of the genetic intervals and loci used to assess meiotic recombination 
events in the wild type and the mug20Δ mutant. A) All three S. pombe chromosomes with schematically 
depicted genetic positions of used markers. B) Illustration of the intragenic loci on chromosomes I and III. 
 
In the mug20Δ mutant, two out of three studied intervals showed reduction in 
recombination compared to the wild type. The level of reduction was moderate for both 
intervals (his4-lys4 and arg1-ade6). Interestingly, the interval between the two artificially 
introduced markers on chromosome III, his3-aim and ura4-aim2, showed a 2-fold increase 
in intergenic recombination in the mutant strain (Table 5.4.3). 
 
prototrophic recombinants/100 viable spores       
 his3-aim x ura4-
aim2 
 his4 x lys4  arg1 x ade6  
WT 6.9 ±0.5  6.0 ±0.4  14.5 ±2.2  
mug20Δ 16.7 ±2.8 (2.4) 0.7 ±0.3 (8.5) 9.7 ±1.8 (1.5) 
 
 
Table 5.4.3: Intergenic recombination in the wild type and the mug20Δ mutant. Each recombination assay was 
repeated in three individual experiments. Numbers displayed are arithmetical mean ±SD. Numbers in brackets 
indicate n-fold in- or decrease compared to the wild type. 
 
Three intragenic intervals, with different point mutations in the respective genes, were 
studied for recombination in the wild type and the mug20 deletion strain. Intragenic 
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recombination events in the ade6 locus were studied using 4 different point mutations in 
the locus and the ura1 locus was studied with one representative locus. 
Intragenic recombination was reduced in the mug20Δ mutant compared to the wild type, 
observing a variable decrease between different loci. Intragenic recombination was 
dramatically reduced at the ade6 locus in the mutant strain by factors of 80 to >200 fold 
decrease. The level of intragenic recombination at the ura1 locus was decreased only by 
a factor of 6 (Table 5.4.4). 
 
prototrophic recombinants/1000 viable spores       
 ade6-M26 x 
ade6-L469 
 ade6-M375 x 
ade6-L52 
 ura1-61 x 
ura1-171 
 
WT 57.61 ±2.2  1.75 ±0.4  0.43 ±0.1  
mug20Δ 0.24 ±0.1 (242) 0.02 ±0.004 (84) 0.08 ±0.007 (5.6) 
 
 
Table 5.4.4: Intragenic recombination in the wild type and the mug20Δ mutant. Each recombination assay was 
repeated in three individual experiments. Numbers displayed are arithmetical mean ±SD. Numbers in brackets 
indicate n-fold decrease compared to the wild type. 
 
 
5.4.4 Localization of recombination proteins in the mug20Δ mutant 
A different approach to study recombination events in the mug20Δ mutant was performed 
by evaluating cytological signals of immunostained recombination proteins. 
Rad51 is a recombination protein involved in single strand invasion (Jang et al., 1994; 
Sauvageau et al., 2005) and numbers of Rad51 foci correspond to numbers of estimated 
crossovers in S. pombe (Lorenz et al., 2006; Munz et al., 1989). 
Nuclear spreads of mug20Δ were fluorescence immunostained using antibodies raised 
against Rec10 and Rad51. Slides were evaluated cytologically and numbers of Rad51 foci 
were counted (Figure 5.4.8). 
The mean number of Rad51 foci was reduced nearly 2-fold in the mutant strain compared 
to the wild type. The maximum number of Rad51 foci per nucleus was also decreased in 
the mug20Δ strain. The statistical significance of the reduction of foci in the mug20Δ strain 
was confirmed with a two-tailed Student’s t-test (P<0.001) (Table 5.4.5). 
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Table 5.4.5: Numbers of Rad51 foci (±SD) in the 
wild type and the mug20Δ strain. The number in 
brackets indicates n-fold decrease of Rad51 foci in 
the mutant strain compared to the wild type. A high 
variance in signal number was found for both 
genotypes (±SD). The maximal number of Rad51 foci found in a nucleus is displayed in the right column. 
Nuclear spreads of two individual experiments were immunostained and 100 nuclei of two different time-points 
were evaluated per genotype. 
 
 
 
 
 
Figure 5.4.8: Nuclei of the wild type pat1-114 strain and the mug20Δ pat1-114 strain immunostained against 
the Line protein Rec10 and recombinase Rad51. Size bar indicates 5µm. 
 
 
 
  
Rad51 foci mean max 
WT 22.9 ±5.9 37 
mug20Δ 12.7 ±5.4    (1.8) 24 
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5.5 Yeast two-hybrid assays to directly study protein interactions of LinE proteins 
 
To directly test interactions between several LinE proteins, yeast two-hybrid assays were 
performed. The cDNAs of the genes rec10, hop1, mug20 and rec25 were amplified using 
a meiotic cDNA library as template as described in materials and methods. 
As mentioned earlier, the cDNAs of hop1 and mug20 amplified for the various 
experiments described in this study showed differences to the published sequences. 
However, the use of different templates had confirmed the correctness. Hence, the cDNA 
used for the yeast two-hybrid assay was of the same sequence as for earlier described 
experiments (see appendix for alignment of sequences). Sequences of cDNAs of genes 
rec10 and rec25 were identical to those published (http://old.genedb.org/genedb/pombe/). 
Each cDNA was cloned into the bait vector containing the Gal4-binding domain and into 
the prey vector containing the Gal4-activation domain (pGBKT7 and pGADT7, 
respectively) and transformed to S. cerevisiae yeast two-hybrid strains. 
Haploid S. cerevisiae strains of opposite mating types (a and α) carrying binding domain 
and activation domain plasmids respectively were mated according to table 5.5.1. 
 
 
Y187 
pGBKT7rec10 
x AH109 pGADT7rec10 Y187 
pGBKT7hop1 
x AH109 pGADT7rec10 
 x AH109 pGADT7hop1  x AH109 pGADT7hop1 
 x AH109 pGADT7mug20  x AH109 pGADT7mug20 
 x AH109 pGADT7rec25  x AH109 pGADT7rec25 
 x AH109 pGADT7  x AH109 pGADT7 
Y187 
pGBKT7mug20 
x AH109 pGADT7rec10 Y187 
pGBKT7rec25 
x AH109 pGADT7rec10 
 x AH109 pGADT7hop1  x AH109 pGADT7hop1 
 x AH109 pGADT7mug20  x AH109 pGADT7mug20 
 x AH109 pGADT7rec25  x AH109 pGADT7rec25 
 x AH109 pGADT7  x AH109 pGADT7 
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Table 5.5.1: Each S. cerevisiae bait strain 
carrying the pGBKT7 binding domain plasmid 
was mated individually with the different prey 
strains carrying the pGADT7 activation domain 
plasmids. As a control, each bait strain was 
mated with the prey strain carrying the empty 
pGADT7 plasmid. Additionally, the empty 
pGBKT7 plasmid was used as bait. 
 
Diploid strains were selected and grown in liquid medium until saturation. Aliquots of each 
diploid strain were grown on plates with and without restrictive conditions. 
Growth on selective media of the respective diploid strains confirmed that Rec10 directly 
interacts with Hop1 and vice versa. Likewise, the interaction between Rec10 and Rec25 
was confirmed. Mug20 was shown to interact with itself and with Rec25. This interaction 
with Rec25 was only found when Mug20 was used as bait, but not in the other direction 
with Rec25 being the bait. Rec25 was also shown to interact with itself. All controls to 
exclude false positive interactions with either the empty bait or prey plasmid or the empty 
plasmids alone were not growing under selective conditions (see figure 5.5.1 for 
schematic summary of interactions and figure 5.5.2 for pictures). 
 
 
Figure 5.5.1: Schematic illustration of protein-protein 
interactions studied by yeast two-hybrid assays. The 
interaction of Mug20 and Rec25 was only detected when 
the Mug20 protein was present in the bait plasmid and not 
vice versa. All other interactions were detected in both 
directions. Mug20 and Rec25 were shown to interact with 
themselves. Red lines indicate assayed interactions which 
were not detected. 
 
Y187 pGBKT7 
1111             
x AH109 pGADT7rec10 
 x AH109 pGADT7hop1 
 x AH109 pGADT7mug20 
 x AH109 pGADT7rec25 
 x AH109 pGADT7 
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Figure 5.5.2: Spot tests to investigate protein-protein interactions by yeast two-hybrid assays. Experiments 
were repeated 3 times, haploid strains were mated freshly for each repeat. Results were reproducible in all 
individual experiments. Pictures shown are taken from one individual experiment. 
  Discussion 
75 
 
6 DISCUSSION 
 
6.1 What is the molecular composition of the LinE protein complex? 
 
This study aimed to reveal new insights into formation and function of S. pombe’s LinEs 
by investigating the LinE protein complex in more detail. Although several proteins have 
been already characterized, the complete composition of the LinEs is far from being fully 
understood. 
In order to identify potential new interaction partners of the LinE core protein Rec10, a 
yeast two-hybrid screen was performed using Rec10 as bait and a meiotic cDNA library 
as collection of potential prey proteins. While the interaction of Rec10 with Hop1 and 
Rec25 could be confirmed, only one new interacting protein with a role in meiosis, Pli1, 
could be identified in the screen presented here. Pli1 is a SUMO ligase and its influence 
on LinE formation and other meiotic events was described by Spirek et al. (2010). 
The same cDNA library was used in another yeast two-hybrid screen, which was 
performed to find interaction partners of the LinE component Hop1. Although the 
expression of Hop1 was confirmed by Western blot, the yeast two-hybrid screen did not 
yield any new candidates. There are several possible reasons for the failure to either 
confirm previously found interactions (like Hop1 with Rec10 as bait) or to find new proteins 
interacting with Hop1. The bait protein could be hindered in its interactions by a false 
protein folding caused by either the added tag or by the Gal4-binding domain fused to the 
expressed protein. Also, a yeast two-hybrid screen always bears the problem of not 
reflecting the in vivo surrounding for proteins to interact. The LinEs are clearly very 
complex macromolecular structures, and it may be difficult to reproduce individual protein 
interactions in an artificial system. Moreover, any protein modifications that are species 
(S. pombe proteins in S. cerevisiae system) or cell cycle specific (mitosis/meiosis) are not 
carried out in the artificial host system. If these modifications are important for protein 
interactions, this could cause a failure to detect interactions in the screen. 
 
In a preceding study to investigate the LinE protein complex, a TAP-tagged version of 
Rec10 was used to perform a pull-down experiment with subsequent analysis of the 
Rec10 protein complex by mass spectrometry (Spirek et al., 2010). This study confirmed 
known interaction partners of Rec10 (e.g. Hop1, Rec25 and Rec27) and could identify 
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another new putative LinE component – Mug20. In addition to further interaction studies, 
this thesis became focused on studying the role of Mug20 in several key meiotic events. 
 
 
6.2 Mug20 is a novel component of the LinEs 
 
A S. pombe strain carrying a GFP-tagged version of Mug20 was initially used to localize 
and investigate the protein during meiosis. The tagged protein was clearly visible when 
immunostained on nuclear spreads. The signal was defined and the protein could be 
localized in the nucleus to distinct formations which depict the LinE structures. Mug20 was 
found to colocalize with LinE structures at all times of LinE development, suggesting that it 
is, in fact, a yet uncharacterized component of the LinEs. 
In parallel to the cytological studies, the expression of Mug20 during meiosis was 
monitored by Western blot analysis. In accordance to the published expression profile 
(http://www.bahlerlab.info/cgi-bin/SPGE/geexview?group=2&scale=linear&scale_auto=on 
&q=SPBC36B7.06c), it could be shown that the expression of Mug20 starts in early 
meiosis. A peak of protein expression was found at the time-points where LinE formation 
is also at its peak level. Surprisingly, the level of Mug20-GFP did not decrease as cells 
proceeded through meiosis and spores were formed. At this time-point cytological signals 
of Mug20-GFP could no longer be detected in spread nuclei, neither forming nuclear 
structures nor as diffuse signals dispersed in the nucleus. It can be speculated that the 
Mug20-GFP fusion-protein was not degraded normally. Because the GFP-tag is bigger 
than the protein itself (30 kDa and 19 kDa respectively) it may interfere with the protein’s 
degradation and therefore Mug20 might be stabilized by the tag. However, the GFP-tag 
did not interfere with the functionality of the Mug20 protein. Neither haploid nor diploid 
strains displayed mitotic growth defects (as the mug20Δ mutant had exhibited), and 
meiosis was monitored and appeared to progress normally. 
Because of the unexpected behavior of Mug20-GFP, further approaches were taken to 
construct strains carrying a 13xMYC and a 3xHA-tagged Mug20 protein. Unfortunately, it 
was not possible to detect any of these tagged versions of Mug20, neither by cytology nor 
by biochemical approaches. Various factors might have led to the failure to visualize those 
proteins. It could not be verified whether the fusion-proteins were expressed at all, if they 
were expressed as a functional version or if truncated versions were expressed without 
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the tag. Hence, it was attempted to express and purify the Mug20 protein for subsequent 
antibody production. 
A prerequisite for successful protein purification is gaining soluble protein after 
heterologous expression and refolding. The Mug20 protein was successfully expressed in 
a bacterial system and after treatment with a chaotrope, the solubilised protein was bound 
to an affinity matrix for isolation. Although different approaches were taken, it was not 
possible to elute the Mug20 protein from the affinity matrix after refolding. Harsh boiling of 
the matrix seemed to be the only possibility to elute the protein but the cautious elution of 
the folded protein would have been much more advantageous for later steps of antibody 
production. The resulting unfolding of the protein by boiling could be disadvantageous as 
it was shown for other proteins to have a negative effect in immunization (personal 
communication C. Uanschou). Another possibility would be a purification of the protein by 
SDS-PAGE, where the desired protein-band is cut out and used for immunization of the 
host animal. This approach also results in unfolded protein, and additionally, it cannot be 
excluded that the sample also contains other proteins of the same size. The host animal 
will then produce antibodies against these proteins as well. These unwanted proteins 
might even be immuno-dominant driving a focused antibody production, so that the animal 
produces only a low titer of the desired antibody. For all these reasons, it was decided that 
no further efforts will be made in protein purification, but that an approach to raise a 
Mug20 peptide antibody will be taken. This antibody will then allow convenient studies of 
Mug20 localization in a wide range of cytological applications and will also allow more 
direct investigations of protein dynamics, expression and protein modifications. 
 
 
6.3 Mug20 yeast two-hybrid interactions with LinE components 
 
Mass spectrometry is widely used to identify and describe protein complexes in detail, but 
to get a genuine picture of the in vivo situation it is essential to achieve a high degree of 
purification and to avoid any changes in protein modification or protein complex 
composition that might occur during the purification procedure (Aebersold and Mann, 
2003; Tagwerker et al., 2006; Yates, 2004). In the mass spectrometric analysis, that 
revealed Mug20 as a novel and yet unknown partner of the Rec10 complex (Spirek et al., 
2010), a C-terminally TAP-tagged Rec10 was used for the pull-down of the protein 
complex. It was therefore unexpected that a direct interaction between Rec10 and Mug20 
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could not be confirmed in the yeast two-hybrid assay. Mug20 was also not identified as an 
interaction partner in yeast two-hybrid screen performed earlier. 
Although the conditions for the pull-down with the TAP-tagged Rec10 were stringent, a 
tight composition of the complex and a strong binding of Mug20 to another LinE protein 
could be sufficient to pull down Mug20 together with the Rec10 protein complex, even 
though the proteins are not interacting directly. 
 
In order to identify putative Mug20 interaction partners from the group of known LinE 
proteins, several direct yeast two-hybrid assays were performed. At the same time, the 
direct interactions within this group of proteins were assayed. Although a yeast two-hybrid 
assay represents an artificial system, all proteins tested in this way were shown to interact 
with at least one of the tested prey-proteins. 
Based on the results of the yeast two-hybrid assays it is possible that Mug20 is not bound 
to Rec10 directly. Mug20’s close association to the Rec10 protein complex is achieved via 
a bridging interaction with Rec25 (and maybe Rec27) resulting in a close association of all 
four proteins. Hop1 was shown to interact only with Rec10, but not with the other essential 
LinE protein Rec25 or with Mug20. 
 
 
 
 
 
Figure 6.3.1: Schematic summary of interactions between proteins of the LinE protein complex. Protein- 
protein interactions found by different experimental approaches presented in this study and in Spirek et al. 
(2010) are depicted as arrows in corresponding colors. Mug20, Rec25 and Hop1 were all found to be 
members of the Rec10 protein complex by mass spectrometric analysis. Yeast two-hybrid protein-protein 
interaction studies revealed however, that Mug20 was only interacting with Rec25, but not with Rec10 or 
Hop1. A yeast two-hybrid screen also couldn’t reveal an interaction between Rec10 and Mug20. Rec10’s 
interaction with Rec25 and Hop1 was confirmed by yeast two-hybrid screens and assays. 
 
 
  Discussion 
79 
 
Further studies of the LinE complex would still be of particular interest. Yeast two-hybrid 
assays including Rec27 as bait could answer the question whether Mug20 also interacts 
with this essential LinE component, and whether Hop1 interacts with LinE components 
other than Rec10. Studies including truncated or modified versions of bait or prey proteins 
would expand the possibilities to investigate interactions amongst members of the LinE 
protein complex. 
 
Neither yeast two-hybrid screens, nor mass spectrometric analysis revealed a direct 
interaction between Rec10 and any protein involved in the initiation of recombination. It 
could not be shown that Rec7 and Rec10 interact, although these proteins colocalize 
cytologically and it has been repeatedly proposed that the initiation of recombination 
depends on Rec10 and takes place in spatial proximity to LinEs (Lorenz et al., 2006). 
Hence, crucial answers to questions about the interaction with and influence of LinE 
proteins on the recombination machinery remain elusive. 
 
 
6.4 Putative roles of Mug20 in LinE formation 
 
This study revealed a role of Mug20 in LinE formation, as LinE development is severely 
affected in the mug20Δ mutant. Only short threads are formed, and elongated and 
interconnected structures are missing. This leads to the task of determining in which LinE 
development or formation pathway Mug20 is acting. 
Normal LinE formation is known to depend on SUMO dependent modification of Rec10 
(Spirek et al., 2010). The lack of SUMO ligase Pli1 causes the loss of Pmt3 (S. pombe’s 
SUMO protein), which was found to be transiently associated with LinEs, and leads to 
aberrant LinE development (Spirek et al., 2010). Although an interaction between Rec10 
and Pli1 was detected by yeast two-hybrid screens (this study and Spirek et al., 2010), 
SUMOylation of Rec10 could not be detected by mass-spectrometry (Spirek et al., 2010). 
This leads to the suggestion that Rec10 is only non-covalently bound to SUMO, and thus 
other LinE proteins are the targets for SUMOylation. Possible candidates could be Rec25, 
Rec27 or Mug20. It was shown by Spirek et al. (2010) that in the absence of Proteins 
Rec10, Rec25 and Rec27, nuclear Pmt3 signals were strongly reduced. Hence, it would 
be of interest to know, whether Pmt3 localization is altered in the mug20 deletion strain, 
which, in contrast to the other mutant strains, shows some residual LinE formation. In the 
absence of the cohesin Rec8, LinE formation is also dramatically altered and only 
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rudimentary structures are formed (Lorenz et al., 2004; Molnar et al., 1995). Pmt3 
localizes to the residual LinE structures in this mutant (Spirek et al., 2010). 
Mug20 does not contain a SUMO consensus motif (Rodriguez et al., 2001; Yang et al., 
2006), but several other substrates have been identified to not conform to this motif 
(reviewed in (Johnson, 2004). Western blot analysis of Mug20-GFP did not reveal the 
presence of additional high-molecular-weight species of the protein, which would indicate 
SUMO modifications. However, it cannot be ruled out that Mug20 is non-covalently 
associated to SUMO or is involved in the SUMOylation of another LinE protein. Because 
LinE polymerization was less affected by the absence of SUMO than by the absence of 
Mug20, it could be assumed that Mug20 is not a critical SUMO target. However, these 
findings do not exclude that Mug20 is fulfilling a function in LinE formation as well as being 
a target for SUMOylation. 
Alternatively, it could be speculated that Mug20 binds to Rec10 in a SUMO dependent 
manner. Cytological studies could answer this question, but it can be assumed that 
Mug20 associates with Rec10 independent of SUMOylation of the LinE complex, since 
LinE formation is only mildly affected in the absence of SUMOylation. Thus, Mug20 is 
unlikely to be the SUMO target of the LinE complex or to act in a SUMO dependent 
manner.  
 
Mug20 was not found to localize in the nucleus in the rec10-155 truncation mutant or the 
rec10Δ mutant. It was, however, found to be present on single Rec10 foci, which are 
believed to represent the original sites of polymerization from which the elongation of LinE 
threads starts (Bähler et al., 1993; Lorenz et al., 2004). The absence of Mug20 hinders 
LinE development. Hence, it can be proposed that Mug20 localizes to LinEs in a Rec10-
dependent manner and functions downstream of the initial localization of Rec10 to 
chromatin thereby stabilizing and aiding. 
Alternatively, it could also be argued that Mug20 is playing a role in the loading of Rec10 
to the chromatin. Maximally elongated LinEs were measured and a decrease in the length 
of LinEs was found in the mug20Δ mutant. However, it cannot be excluded that in the wild 
type more Rec10 foci are being formed, which then merge into continuous tracts as LinEs 
elongate. It might be informative to count Rec10 foci in early nuclei to see if in fact their 
number would be lower in the mug20Δ mutant. Due to technical constraints, it was not 
possible to include a detailed study of numbers of early LinE signals of statistical 
relevance in this thesis. It is obvious, that these experiments would allow more accurate 
predictions about Mug20’s role in LinE initiation, formation and/or stabilization. 
  Discussion 
81 
 
The formation of LinEs is independent from the initiation of meiotic recombination, since it 
was shown that in the absence of DSB inducing Rec12, wild-type LinEs are formed 
(Lorenz et al., 2004; Molnar et al., 2003). In a rec12Δ mutant, Mug20-GFP was found to 
colocalize with the LinE structures normally. It can therefore be concluded that Mug20 
localizes and functions up-stream and therefore independent of the initiation of meiotic 
recombination.  
 
 
6.5 Putative roles of Mug20 in recombination 
 
Out of the three proteins shown so far to be essential for the formation of LinEs - Rec10, 
Rec25 and Rec27 - only Rec10 was shown to be essential for genome-wide meiotic 
recombination (Ellermeier and Smith, 2005). The two other proteins, Rec25 and Rec27, 
were shown to influence recombination in a region-specific manner (Davis et al., 2008; 
Martín-Castellanos et al., 2005). Interestingly, rec25Δ and rec27Δ mutant strains show a 
region-specific decrease in recombination similar to the phenotype found in meiotic 
cohesin mutants rec8Δ and rec11Δ (Davis et al., 2008; Ellermeier and Smith, 2005; 
Martín-Castellanos et al., 2005). Davis et al. (2008) found out that a double mutant rec8Δ 
rec25Δ does not show a difference in recombination compared to a rec8Δ single mutant, 
indicating that the proteins act in the same pathway (Davis et al., 2008). The 
recombination phenotype in mug20Δ is comparable to the one in rec8Δ and rec25Δ. 
Intragenic recombination was affected similarly in all these mutants, with dramatic 
differences in reduction at the two investigated loci, ade6 and ura1. Intergenic 
recombination was tested in the mug20Δ mutant in two natural intervals and one interval 
between artificially introduced markers. A mild decrease in recombination was found in the 
natural intervals. This reflects again the recombination phenotypes of the rec8Δ and 
rec25Δ mutants, where intergenic recombination was affected to a similar degree (Davis 
et al., 2008; Ellermeier and Smith, 2005). However, a mild increase in recombination was 
detected in the artificial interval. Interestingly, this interval is flanking the ade6 locus, which 
bears the artificial ade6-M26 hotspot and in which intragenic recombination is dramatically 
reduced in the mug20Δ mutant. This might also reflect an aspect of the potential role of 
Mug20 in region-specific regulation of recombination. 
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Rec10 and LinEs seem to function in regulating chromatin transition during meiotic 
hotspot activation (Pryce et al., 2005; Pryce and McFarlane, 2009), proposing the idea 
that LinEs extend regions with favorable chromatin conformation for the formation of 
DSBs in space and time, thereby allowing additional crossovers to be formed. 
It was found that the number of foci of recombinase Rad51 correlates with LinE length. 
LinEs in the mug20Δ mutant were 2.5-fold shorter than in the wild type, and the number of 
Rad51 foci was nearly halved. This suggests a link between LinE length and number of 
recombination events.  
 
A reduction in Rad51 foci could indicate reduced DSB formation and/or reduced 
processing of DSBs. Therefore, it would be interesting to determine the number of Rec7 
foci in the mug20Δ mutant, as they are a more direct indicator of the number of DSBs. 
Problems in the generation of DSBs, like in the rec12Δ mutant, would result in incorrect 
segregation of chromosomes in meiosis I leading to aneuploidies and a moderate loss of 
viability (Davis and Smith, 2003). A defect in the repair of DSBs, like in the rad51Δ mutant, 
would lead to a dramatic decrease in spore viability (Grishchuk and Kohli, 2003). 
However, it was found that the mug20Δ mutant neither shows a defect in chromosome 
segregation in meiosis I (this study and Gregan et al., 2005) nor displays dramatically 
reduced spore viability. Hence, it can be proposed that Mug20 influences the initiation of 
recombination and does not play a role in the repair-events downstream. 
 
In order to deepen the investigation on Mug20’s influence on meiotic recombination, it 
would be suitable to study a wider range of intervals and loci across all three S. pombe 
chromosomes. Choosing intervals located at specific areas on the chromosome e.g. close 
to centromeres or telomeres or located close to or at known recombination hotspots would 
allow a more detailed description of a putative spatial regulation and region-specific 
influence on meiotic recombination by Mug20. Even more, a genome-wide mapping of 
DSBs in the wild type and in the mug20Δ (and other meiotic mutants) would allow 
answering the key questions about initiation of meiotic recombination and would permit 
detailed predictions of how the formation and localization of meiotic DSBs are regulated in 
S. pombe. These ChIP-Seq experiments are in progress and preliminary results indicate 
an approximately 3-fold reduction of DSB formation in the absence of Mug20 (pers. 
communication B. Edlinger and P. Schlögelhofer). 
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6.6 Conclusions 
 
In the course of this study, a novel LinE component, Mug20, was described and 
characterized. The influence of Mug20 on diverse meiotic events was studied, and an 
investigation was begun to determine which functions the protein fulfils in order to allow 
cells to successfully go through sexual reproduction. 
Together with Rec25 and Rec27, Mug20 is one of only three proteins described so far to 
be vitally involved in LinE formation without having a budding yeast homolog. All other 
proteins that regulate LinE formation or are part of the LinE protein complex were 
described as homologs of budding yeast proteins similarly involved in cohesion and axial 
element and/or SC formation (Hollingsworth et al., 1990; Lorenz et al., 2004; Molnar et al., 
2003; Perez-Hidalgo et al., 2003; Rockmill and Roeder, 1988, 1991; Smith and Roeder, 
1997). It can be speculated that Mug20 plays a comparable role to Rec25 and Rec27 for 
several reasons: all three proteins are part of the LinE complex and colocalize 
cytologically with Rec10 (this study and Davis et al., 2008), and all three proteins influence 
LinE formation dramatically. However, Rec25 and Rec27 are essential for LinE formation, 
while rudimentary LinEs are still formed in the absence of Mug20. Interestingly, a striking 
similarity in the effects on meiotic recombination was found in all three mutant 
backgrounds and in cohesin mutants rec8Δ and rec11Δ (Ellermeier and Smith, 2005). It 
can be suggested that Mug20 plays a role in the same pathway as Rec25, Rec27 and the 
cohesins, although the role of Mug20 may not be carried out by directly influencing 
chromatin conformation. Mug20’s influence on the formation of LinEs may result from a 
more structure-stabilizing role. Depending on cohesion and a functional Rec10 (and 
probably a functional Rec10-Rec25-Rec27 complex), Mug20 might function as some kind 
of supporting backbone or stabilizing scaffold optimizing circumstances for the elongation 
of LinEs to the normal extent. The residual LinEs and reduced levels of recombination in 
the mug20Δ mutant - defects comparable to those found in various previously named 
meiotic mutants - are not interfering dramatically with the fission yeast’s fitness and 
viability under laboratory conditions. However, it can be speculated that LinEs per se, and 
the proteins responsible for their normal formation, might confer an advantage to fission 
yeast on an evolutionary timescale. 
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8 APPENDIX 
 
8.1 Strain list 
 
Strain Genotype Origin 
S. pombe strains   
AEP516 h+ ade6-M210 ura4-D18 mug20+::GFP-kanMX6 this study 
AEP517 h- ade6-M216 ura4-D18 mug20+::GFP-kanMX6 this study 
AEP540 h+ ade6-M216 leu1-32 rec10-155::LEU2 mug20+::GFP-
kanMX6 
this study 
AEP541 h- ade6-M210 ura4-D18 leu1-32 rec10-155::LEU2 
mug20+::GFP-kanMX6 
this study 
AEP543 h- ade6-M210 rec10-175::kanMX6 mug20+::GFP-kanMX6 this study 
AEP544 h+ ade6-M216 rec10-175::kanMX6 mug20+::GFP-kanMX6 this study 
AEP550 h+ ade6-M210 ura4-D18 rec8::ura4+ mug20+::GFP-
kanMX6 
this study 
AEP551 h- ade6-M216 ura4-D18 rec8::ura4+ mug20+::GFP-
kanMX6 
this study 
AEP553 h+ ade6-M210 ura4-D18 rec12::ura4+ mug20+::GFP-
kanMX6 
this study 
AEP554 h- ade6-M216 ura4-D18 rec12::ura4+ mug20+::GFP-
kanMX6 
this study 
ABP272 h+ ade6-M210 pat1-114 Loidl lab stock 
ABP273 h- ade6-M216 pat1-114 Loidl lab stock 
AEP537 h+ ade6-M210 pat1-114 mug20::natMX6 this study 
AEP538 h- ade6-M216 pat1-114 mug20::natMX6 this study 
MSP478 h+ ade6-469 his3+-aim ura4-D18 leu1-32 his3-D1 Osman et al., 2003 
MSP479 h- ade6-M26 ura4+-aim2 ura4-D18 leu1-32 his3-D1 Osman et al., 2003 
GP116 h- arg1-14 G.R. Smith 
BP664 h+ ade6-M375 his4-239 R. McFarlane 
BP691 h- ade6-L52 lys4-95 Wells et al., 2006 
BP1048 h- ura1-171 Wells et al., 2006 
BP1049 h+ ura1-61 Wells et al., 2006 
AEP556 h+ ade6-469 his3+-aim ura4-D18 leu1-32 his3-D1 
mug20::natMX6 
this study 
AEP557 h- ade6-M26 ura4+-aim2 ura4-D18 leu1-32 his3-D1 
mug20::natMX6 
this study 
AEP558 h- arg1-14 mug20::natMX6 this study 
AEP559 h+ ade6-M375 his4-239 mug20::natMX6 this study 
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AEP560 h- ade6-L52 lys4-95 mug20::natMX6 this study 
AEP561 h- ura1-171 mug20::natMX6 this study 
AEP562 h+ ura1-61 mug20::natMX6 this study 
   
S. cerevisiae strains   
PJ69-4A MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4Δ 
gal80Δ LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ 
James et al., 1996 
MSY458 PJ69-4A pAS1 TRP1+ Loidl lab stock 
MSY466 PJ69-4A pAS1-rec10 TRP1+ Loidl lab stock 
AEY491 PJ69-4A pAS1-hop1 TRP1+ this study 
AH109 MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4Δ 
gal80Δ LYS2::GAL1UAS-GAL1TATA-HIS3 GAL2UAS-
GAL2TATA-ADE2 URA3::MEL1UAS-MEL1TATA-lacZ 
Clontech 
Y187 MATα ura3-52 his3-200 ade1-101 trp1-901 leu2-3 112 
gal4Δ met gal80Δ URA3::GAL1UAS-GAL1TATA-lacZ 
Clontech 
AEY593 AH109 pGADT7-rec10 LEU2+ this study 
AEY594 AH109 pGADT7-hop1 LEU2+ this study 
AEY595 AH109 pGADT7-mug20 LEU2+ this study 
AEY596 AH109 pGADT7-rec25 LEU2+ this study 
AEY597 AH109 pGADT7 LEU2+ this study 
AEY608 Y187 pGBKT7-rec10 TRP1+ this study 
AEY609 Y187 pGBKT7-hop1 TRP1+ this study 
AEY610 Y187 pGBKT7-mug20 TRP1+ this study 
AEY611 Y187 pGBKT7-rec25 TRP1+ this study 
AEY612 Y187 pGBKT7 TRP1+ this study 
   
E. coli strains   
DH5α  Hanahan, 1983 
MC1066  Casadaban et al., 1983 
RosettaTM (DE3)pLysS  Novagen 
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8.2 List of primers 
Primer sequences corresponding to template sequences are capitalized. Primer 
extensions like linker sequences, flanking sequences, and/or recognition sequences for 
restriction enzymes are displayed in small letters. Restriction sites used for cloning are 
underlined. 
 
 
Name Sequence 5’ – 3’ Application 
rec25for1 CGCGAATTTCAAGAACAGAAG Y2H screen 
rec25rev1 AGCAGCCCTTGTATAAGCTGA Y2H screen 
SPHOP1_U1 GCTGGAGTGGACAAAGAAGC Y2H screen 
SPHOP1_D1 GGCTGGAGGAACTTTTCGAGC Y2H screen 
SPPLI1_U2 GTAACTCCCCCTGCTCTATC Y2H screen 
SPPLI1_D2 CGTTATTACCAGGAGGACCGG Y2H screen 
SP24B_U1 GAGGAGACGGCGATTCGATCG Y2H screen 
SP24B_D1 CACCTTCACTAGCAATGCCTTC Y2H screen 
y2hHOP1f gttcatATGAATTCATACAAAGAGGAAATTCTGC Y2H screen 
y2hHOP1r ATTCCCGGGAATCCTCAGAGGTTTCATGGTGTCT Y2H screen 
Y2Hmug20F atatatcatATGTCTGAAATTATAACGTCTTTGC Y2H assay 
Y2Hmug20R atatatggatccTTAAAAATTGTCGAGAATAGC Y2H assay 
Y2Hrec10F atatatcatATGGACATATTTTCTGAGTTTCTC Y2H assay 
Y2Hrec10R atatatggatcccTACTTAAACATCAAACTGTC Y2H assay 
Y2Hhop1F atatatcatATGAATTCATACAAAGAGGAAATTCTGC Y2H assay 
Y2Hhop1R atatatggatccTTAAATCCTCAGAGGTTTCATGG Y2H assay 
Y2Hrec25F atatatcatATGGTTAAAGGAAGTGTCACC Y2H assay 
Y2Hrec25R atatatggatccTCAATTACCAGTAGATTG Y2H assay 
mug20Apa1_f atatatgggcccTTCAACCGTATTCCACC GFP-tagging 
mug20Xho1_r atatatctcgagAAAATTGTCGAGAATAGCTTTATG GFP-tagging 
GFPdwck CAGTGAAAAGTTCTTCTCCTTTAC checking primer 
mug20upck CTGCTCACTCAAAGATCACCG checking primer for 
mug20 tag integration 
Mug20CtNde1_F atatatcatatgGATTCAACCGTATTCCACCG MYC-tagging 
Mug20CtSal1_R atatatgtcgacagcaccagcaccggctccggcaccagcacctgcAA
AATTGTCGAGAATAGCTTTATGAG 
MYC-tagging incl. linker 
MYCdwch GAAGTGGCGCGAATTCAC checking primer for 
MYC-tag integration 
Mug20CtSal1_F atatatgtcgacGATTCAACCGTATTCCACCG HA-tagging 
Mug20CtPac1_R atatatttaattaaAAAATTGTCGAGAATAGCTTTATGAG HA-tagging w/o linker 
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Mug20CtPac1_LR atatatttaattaaagcaccagcaccggctccggcaccagcacctgcA
AAATTGTCGAGAATAGCTTTATGAG 
HA-tagging incl. linker 
3HAdwch GAGCAGCGTAATCTGGAACG checking primer 
upchMug20 GAAACTGGTGTGCTTGGGGC checking primer 
upstream of mug20 
dwchMug20 ACTGCGCACTTTCATCGTCC checking primer 
upstream of mug20 
upchUNI GTCGTTAGAACGCGGCTACA checking primer inside 
of k.o. construct 
dwchUNI TCTGGGCCTCCATGTCGCTGG checking primer inside 
of k.o. construct 
Mug20BamH1_F atatatggatccgTCTGAAATTATAACGTCTTTGC protein-expression 
Mug20Pst1_R atatatctgcagTTAAAAATTGTCGAGAATAGC protein-expression 
pRSFDfor GTGAGCGGATAACAATTCCCC sequencing 
pRSFDrev CGTTTAGAGGCCCCAAGGG sequencing 
SP6 TATTTAGGTGACACTATAG sequencing 
T7 TAATACGACTCACTATAGGG sequencing 
pJET1.2 Forward CGACTCACTATAGGGAGAGCGGC sequencing 
pJET1.2 Reverse AAGAACATCGATTTTCCATGGCAG sequencing 
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8.3 List of antibodies 
 
Specificity Dilution Origin 
rabbit α Rec10 1:200 for cytology McFarlane Lab 
chicken α GFP 1:1000 for cytology Chemicon Intl. AB16901 
goat α GFP 1:2000 for Western blot Rockland #600-101-215 
mouse α MYC 1: 100000 for Western blot Nasmyth Lab 
mouse α HA 1:1000 for Western blot Gregan Lab 
mouse α Rad51 1:50 for cytology NeoMarkers MS-988-P0 
guinea pig α Hop1 1:50 for cytology Eurogentec 
goat α rabbit IgG (H+L) CY3 1:1000 for cytology Amersham PA43004  
goat α rabbit FITC 1:200 for cytology Sigma-Aldrich F9887 
goat α mouse CY3 1:100 for cytology Jackson #115-165-146 
goat α mouse FITC 1:100 for cytology Sigma-Aldrich F5262 
goat α chicken IgY CY3 1:200 for cytology Abcam Ltd. AB6961 
goat α guinea pig CY3 1:100 for cytology Chemicon 
rabbit α goat HRP 1: 5000 for Western blot Pierce #31402 
goat α mouse HRP 1: 100000 for  Western blot Pierce #31444 
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8.4 Alignments of cDNA sequences 
 
Alignments of cDNA sequences were performed with ApE software (freeware). 
Experimentally obtained sequences are displayed in upper rows with the corresponding 
nucleotide positions. Expected sequences are displayed in lower rows (here nucleotide 
numbers do not correspond to according sequence positions, plasmid maps were used for 
alignment). Red bars indicate the sequence differences. 
 
 
8.4.1 S. pombe hop1 
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8.4.2 S. pombe mug20 
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8.5 Vector maps 
Vector maps were generated using the software Vector NTI (Invitrogen). Only restriction 
sites relevant for the described cloning steps and for checking by restriction digest are 
highlighted. 
 
 
taken from Fermentas data sheet 
 
taken from Promega data sheet 
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pSMRG2+-mug20
5931 bp
GFP
KanMX
AmpR
Linker
mug20 C-term
mug20 genomic sequence
mug20 5' UTR
Apa I (2209)
Xho I (3023)
Blp I (2506)
pFA6-3xHA-mug20
4878 bp
3HA
ampR
3HAdw ch primer
Linker
ClonNat
mug20 genomic
mug20 5'UTR
mug20 C- term
Blp I (339)
Pac I (893)
Sal I (36)
pFA6-13xMYC-mug20
5201 bp
ADH1 terminator
TEF1 promoter of A.gossypii
AmpR
MYC checking primer
Linker
ClonNat
13xMYC
mug20 C-term
mug20 5'UTR
mug20 genomic
Blp I (299)
Nde I (5198)
Sal I (849)
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pRSFDuet1-mug20
4318 bp
HisTag
T7promoter-2
S-Tag
T7terminator
KanR
RSF origin
lacI
T7promoter
mug20 cDNA w/o START
BamHI (107)
Cla I (1919)
Nco I (70)
Pst I (625)
Sma I (1738)
Xma I (1736)
Apa LI (2575)
Apa LI (3844)
Ava I (844)
Ava I (1736)
HindIII (282)
HindIII (633)
pGBKT7-rec10
9655 bp
ADH1 Promoter
GAL4 DNA binding domain
T7 RNA Polymerase promoter
c-Myc epitope tag
T7 terminator
ADH1 terminator
KanR
TRP1
rec10
BamHI (3661)
Nde I (1283)
Sty I (2146)
Sty I (3701)
Sty I (5397)
Eco RV (3042)
Eco RV (3296)
Eco RV (8667) Ava I (980)
Ava I (2099)
Ava I (3349)
Ava I (6791)
HindIII (738)
HindIII (2380)
HindIII (3514)
HindIII (3957)
HindIII (8895)
pGBKT7-hop1
8866 bp
ADH1 Promoter
GAL4 DNA binding domain
T7 RNA Polymerase promoter
c-Myc epitope tag
T7 terminator
ADH1 terminatorKanR
TRP1
hop1
BamHI (2872)
Nde I (1283)
Ava I (980)
Ava I (6002)
Sty I (2912)
Sty I (4608)
HindIII (738)
HindIII (3168)
HindIII (8106)
Eco RV (1358)
Eco RV (2711)
Eco RV (7878)
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pGBKT7-mug20
7789 bp
ADH1 Promoter
GAL4 DNA binding domain
T7 RNA Polymerase promoter
c-Myc epitope tag
T7 terminator
ADH1 terminator
KanR
TRP1
Intron
mug20
BamHI (1795)
Eco RV (6801)
Nde I (1283)
Ava I (980)
Ava I (4925) Sty I (1835)
Sty I (3531)
HindIII (738)
HindIII (1456)
HindIII (2091)
HindIII (7029)
pGBKT7-rec25
7732 bp
ADH1 Promoter
GAL4 DNA binding domain
T7 RNA Polymerase promoter
c-Myc epitope tag
T7 terminator
ADH1 terminator
KanR
TRP1
rec25 cDNA
BamHI (1738)
Nde I (1283)
Eco RV (6744) Ava I (980)
Ava I (4868)
Sty I (1778)
Sty I (3474)
HindIII (738)
HindIII (2034)
HindIII (6972)
pGADT7-rec10
10318 bp
ADH1 promoter
SV40 NLS
GAL4 AD
T7RNA polymerase promoter
HA tag
ADH1 terminator
LEU2
AmpR
rec10
BamHI (4349)
Nde I (1971)
HindIII (1480)
HindIII (3068)
HindIII (4202)
HindIII (4610)
Eco RV (771)
Eco RV (3730)
Eco RV (3984)
Eco RV (5395)
Ava I (1514)
Ava I (2787)
Ava I (4037)
Ava I (4361)
Ava I (10020)
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pGADT7-hop1
9529 bp
ADH1 promoter
SV40 NLS
GAL4 AD
T7RNA polymerase promoter
HA tag
ADH1 terminator
LEU2
AmpR
hop1
BamHI (3560)
Nde I (1971)
HindIII (1480)
HindIII (3821)
Ava I (1514)
Ava I (3572)
Ava I (9231)
Eco RV (771)
Eco RV (2046)
Eco RV (3399)
Eco RV (4606)
pGADT7-mug20
8452 bp
ADH1 promoter
SV40 NLS
GAL4 AD
T7RNA polymerase promoter
HA tag
ADH1 terminator
LEU2
AmpR
mug20
BamHI (2483)
Nde I (1971)
Eco RV (771)
Eco RV (3529)
Ava I (1514)
Ava I (2495)
Ava I (8154)
HindIII (1480)
HindIII (2144)
HindIII (2744)
pGADT7-rec25
8395 bp
ADH1 promoter
SV40 NLS
GAL4 AD
T7RNA polymerase promoter
HA tag
ADH1 terminator
LEU2
AmpR
rec25
BamHI (2426)
Nde I (1971)
HindIII (1480)
HindIII (2687)
Eco RV (771)
Eco RV (3472)
Ava I (1514)
Ava I (2438)
Ava I (8097) Sty I (275)
Sty I (1935)
Sty I (3409)
Sty I (3433)
Sty I (3652)
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8.6 Media 
 
The following recipes are for liquid media, solid media were obtained by adding 20 g agar 
per liter to the liquid before sterilization. 
Unless stated otherwise, chemicals were purchased from Sigma, Roth, Fluka, Merck, 
Difco and Applichem. 
 
8.6.1 Yeast media 
S. pombe media 
 
YEL+5 (rich medium) 
5 g yeast extract 
30 g glucose 
+5 supplements 
dH20 added to 1000 ml 
 
+5 Supplements per liter of medium 
0.1 g L-adenine 
0.1 g L-lysine 
0.1 g L-histidine  
0.1 g L-uracil 
0.1 g L-leucine 
 
YEL+5+G418 
100 mg/ml  G418 sulfate geneticin (Calbiochem) 
added after sterilization from filter sterilized 1000xstock solution 
 
YEL+5+ClonNAT 
100 µg/ml nourseothricin (WERNER BioAgents) 
added after sterilization from filter sterilized 1000x stock solution 
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MEL+5 (sporulation plates) 
30 g malt extract 
+5 supplements 
dH20 added to 1000 ml 
 
EMM 
1.7 g  yeast nitrogen base without amino acids, without ammoniumsulfate 
3.7 g  glutamic acid 
10 g  glucose 
dH20 added to 1000 ml 
10N NaOH to adjust pH 5.5 
 
EMM drop-out plates 
To select for auxotrophic markers, all supplements but the selection marker were added in 
concentrations found above. 
 
PM (pre-sporulation medium) 
3 g  potassium hydrogen phthalate 
1.8 g  Na2HPO4 
5 g  NH4Cl 
20 g  glucose 
20 ml  salts (50x stock) 
1 ml  vitamins (1000x stock) 
0.1 ml  minerals (10000 x stock) 
dH20 added to 1000 ml 
 
PM-N (sporulation medium) 
3 g  potassium hydrogen phtalate 
1.8 g  Na2HPO4 
10 g  glucose 
20 ml  salts (50x stock) 
1 ml  vitamins (1000x stock) 
0.1 ml minerals (10000x stock) 
dH20 added to 1000 ml 
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Salts 50x stock 
52.5 g   MgCl2*6H2O 
0.735 g CaCl2*2H2O 
50 g   KCl 
2 g   NaSO4 
in dH2O 
 
Vitamins 1000 x stock 
1 g panthotenic acid 
10 g  nicotinic acid 
10 g  inositol 
10 mg  biotin 
in dH2O, filter sterilized 
 
Minerals 10000 x stock 
5 g  boric acid 
4 g  MnSO4 
4 g  ZnSO4*7H2O 
2 g FeCl2*6H2O 
1 g  KI 
0.4 g  CuSO4*5H2O 
10 g  citric acid 
in dH2O, filter sterilized 
 
 
S. cerevisiae media 
 
YPD 
10 g yeast extract 
20 g  tryptone peptone 
20 g glucose 
dH20 added to 1000 ml 
 
YPDA 
Added to standard YPD per liter: 
60 mg L-adenine hemisulphate salt 
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YSD 
1.7 g yeast nitrogen base without amino acids, without ammoniumsulfate 
5 g ammoniumsulfate 
20 g glucose 
dH2O added to 900 ml 
2N NaOH to adjust pH 5.8 
100 ml of 10x Dropout mix added after sterilization. 
 
10x Dropout Mix 
300 mg L-isoleucine 
1500 mg L-valine 
200 mg L-arginine HCL 
300 mg L-lysine 
200 mg L-methinonine 
500 mg L-phenylalanine 
20000 mg L-threonine 
300 mg L-tyrosine 
200 mg L-uracile 
dH2O added to 1000 ml, filter sterilized 
 
YSD-L-W 
Selection plates for yeast two-hybrid screen and assay. 
Additionally added to standard YSD per liter: 
60 mg L-adenine hemisulphate salt 
20 mg L-histidine HCl monohydrate 
 
YSD-L-W-ade 
Selection plates for yeast two-hybrid screen and assay. 
Additionally added to standard YSD per liter: 
20 mg L-histidine HCl monohydrate 
 
 
 
 
 
 
  Appendix 
117 
 
YSD-L-W-H 
Selection plates for yeast two-hybrid screen and assay. 
Additionally added to standard YSD per liter: 
60 mg L-adenine hemisulphate salt 
Added after sterilization: 
1 ml 2M 3-amino-1,2,4-triazole (filter sterilized) 
 
 
8.6.2 Bacterial media 
 
2xTY 
16 g tryptone 
10 g yeast extract 
5 g NaCl 
dH2O added to 1000 ml 
10N NaOH to adjust pH 7.4 
 
Antibiotic stocks 
ampicillin  100 mg/ml in dH2O 
kanamycin  50 mg/ml in dH2O 
chloramphenicol 25 mg/ml in 96% ethanol 
all filter sterilized 
 
2xTY+Amp 
100 µg/ml ampicillin 
added after sterilization 
 
2xTY+Kan 
50 µg/ml kanamycin 
added after sterilization 
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M9 
6 g Na2HPO4 
3 g KH2PO4 
0.5 g NaCl 
1 g NH4Cl 
dH20 added to 1000 ml 
After sterilization, add 10 ml of filter sterilized: 
100mM MgSO4 
20% glucose 
10mM CaCl2 
100mM thiamine-HCl 
 
Supplements (stock solutions) 
1 mg/ml L-uracile 
10 mg/ml L-leucine 
10 mg/ml L-tryptophane 
Supplements are added after plates have been poured and have solidified. They are 
streaked out and plates are then left to take up the supplements over night at room 
temperature. Per plate 280 µl of uracile, 196 µl of leucine and 51 µl of tryptophane are 
added in sequence with minimum 1 hr in-between. 
 
ZY 
10 g tryptone 
5 g yeast extract 
dH20 added to 1000 ml 
 
20xNPS 
0.5M (NH4)2SO4 
1M KH2PO4 
1M Na2HPO4 
Added in sequence to dH2O, stirred until all dissolved. 
 
 
 
 
 
  Appendix 
119 
 
50x5052 
0.5% glycerol 
0.05% glucose 
0.2% lactose 
Added in sequence to dH2O, stirred until all dissolved. 
 
1M MgSO4 
246.47 g MgSO4·7H2O 
Added step-wise to dH2O, final volume 1000 ml 
 
40% glucose 
40 g glucose 
Added step-wise to dH2O, final volume 1000 ml 
 
ZYP 0.8G 100 ml 
Rich medium for growth with little or no induction. 
93 ml ZY 
100 µl 1M MgSO4 
2 ml 40% glucose 
5 ml 20x NPS 
Antibiotics added after sterilization: 
100 µg/ml kanamycin 
25 µg/ml chloramphenicol 
 
ZYP 50x5052 1L 
Rich medium for auto-induction. 
928 ml ZY 
1 ml 1M MgSO4 
20 ml 50x 5052 
50 ml 20x NPS 
Antibiotics added after sterilization: 
100 µg/ml kanamycin 
25 µg/ml chloramphenicol 
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